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FOREWORD

This interim scientific report presents the results of a twelve-month
study conducted by Battelle Memorial Institute, Columbus Laboratories, for the
NASA Electronics Research Center in partial fulfillment of the work requirements
of Contract NAS 12-550,

The objective of this study was to extend the evaluation techniques
developed for astrionics systems which employ aided inertial guidance systems
operating on interplanetary flyby missions to include the astrionics required
for orbiter, lander, and multiple planet swingby missions.

This volume presents a summary of the study results, detailed technical
discussion, recommendations, and conclusions.
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DEVELOPMENT OF AN EVALUATION TECHNIQUE
FOR INTERPLANETARY MISSION ASTRIONICS

Interim Report for the Period of
February 1, 1969, to February 1, 1970

BATTELLE MEMORIAL INSTITUTE
Columbus Laboratories

INTRODUCTION

This report presents the results of the work on "Development of an
Evaluation Technique for Strapdown Guidance Systems', performed in accordance
with modification No. 2 dated February 1, 1969, to the statement of work of
Contract No. NAS 12-550. The purpose of this modification was to extend the
evaluation techniques developed for astrionics systems which employ aided
inertial guidance systems operating on interplanetary flyby missions to include
the astrionics required for orbiter, lander, and multiple planet swingby
missions. This volume presents a summary of the study results, detailed
technical discussion, recommendations, and conclusions. To further the reader's
understanding of the organization of this report, the principal items of work
for this reporting period are listed below.

Added Study Elements

The various tasks performed to extend the evaluation techniques
developed for interplanetary flyby missions astrionics systems, to orbiter,
lander, and multiple planet swingby mission astrionics were:

(1) The additional astrionics required for the approach
phase of orbiter, lander, and multiple planet swingby
missions were incorporated into the effectiveness
evaluation by inclusion of their weight, electrical
power, reliability, and accuracy.

(2) The capability to investigate the tradeoffs between
attitude control mechanizations employing gas re-
action jets, control moment gyroscopes (CMG's), and
reaction wheels was provided. The impact of flight

control requirements on astrionics effectiveness was
included.




(3) Two specific multiple midcourse correction strategies
approved by the NASA/ERC Technical Monitor were
investigated to determine their influence on the
penalty functions.

(4) The impact of the requirements for communications
between the spacecraft and the Earth were investigated
to determine the requirements placed on the other
astrionics and the resultant influence on the penalty
functions. Pointing accuracy, spacecraft stabilization
techniques, information rates, and power requirements
were considered in determination of the communication
subsystem parameters. The case of the spacecraft
being eclipsed by any celestial body was examined to
determine the impact on the onboard astrionics.

(5) The effect of switching on and off the various
astrionics subsystems during the mission was modeled
to include the reliability degradation associated
with the switching.

(6) The computer programs developed under this contract
were modified and exercised at the written technical
direction of the NASA/ERC Technical Monitor.

Guidelines

The additional astrionics required for the approach phase of orbiter,
lander, and multiple planet swingby missions, in addition to the propulsion
system requirements for these missions, required making modifications to the
previously reported work (Reference 1). The factors which have to be
considered in applying the evaluation method are primarily those associated
with (1) the class of missions for which the evaluation technique has been
specifically developed and (2) the astrionics design philosophy.

Interplanetary Missions

The evaluation technique, as presently structured, provides a measure
of index of astrionics system performance for the class of interplanetary
missions. These missions include flyby, orbiter, lander, and others such as
multiple planet swingby.

Flyby. A single planet flyby mission requires that the spacecraft
pass close to the target planet at some nominal periapse. No propulsion system
is carried for orbit insertion about the target planet. The evaluation of
astrionics for this mission requires specifying the acceptable periapse
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uncertainty and probability of mission failure which can be attributed to
astrionics system failure.

Orbiter. An orbiter mission requires that the spacecraft carry a
propulsion system capable of inserting the spacecraft into a nominal orbit
about the target body. The insertion burn usually occurs at nominal periapse.
The evaluation of astrionics for this mission requires specifying acceptable
uncertainties of the target body orbital elements and probability of mission
failure which can be attributed to astrionics system failure.

Lander. A lander mission frequently has all the requirements of
an orbiter mission as well as the required propulsion system and astrionics
needed to accomplish a "soft'" landing. The evaluation of astrionics for this
mission requires specifying the nominal descent burn time, landing area, and
acceptable probability of mission failure which can be attributed to astrionics
systems.

Multiple Planet Swingby Missions. A multiple planet swingby mission
requires specifying the velocity and position vectors at each planetary
encounter. Deviations from these nominal conditions will, unless adequately
corrected, result in excessive miss parameters at subsequent encounters. The
astrionics evaluation for such missions requires specifying the acceptable
position and velocity uncertainties at each encounter and the probability of
mission failure which can be attributed to the astrionics systems.

Mission Selected for Analysis

In choosing the missions to be used for the present work, the Jupiter
flyby mission described in Reference 1 was retained and a second mission was
sought for orbiter-lander illustration. A Jupiter orbiter and/or lander was
initially considered. Investigation of the feasibility of such a mission re-
vealed that knowledge of the planet is limited. The facts that the planet is
large and cold are undisputed. From this point, however, fact and assumption
become increasingly inseparable. :

It is generally assumed that the planet is composed of a solid core,
permanently covered with a thick layer of ice, and surrounded by an atmosphere
of hydrogen and ammonia. This atmosphere exhibits a density of about 0.3
Zm

3
cm

dividing line between surface and air, but that the surface changes gradually
from solid to slush to gas. It is therefore not entirely clear what '"lander"
should mean, but it is defined here as signifying a device that will come to
rest on surface material of sufficient density to support the spacecraft's
weight.

near the surface. Therefore, it has been said that there exists no definite




In examining the requirements for landers, there arise two distinct
cases: direct landers and indirect landers. Direct landers are launched from
Earth, and land on the planet without first going into orbit around it. It is
immediately apparent that in the case of Jupiter it is virtually impossible to
achieve a soft landing by the direct method. The AV to be overcome is the
Vy? + v?

escape approach , This is roughly equal to the escape velocity at the
surface of the planet for reasonmable approach trajectories, or about 197,300
feet/second (Reference 2). There are, at this time, no rockets that can
provide such a AV.

For an indirect lander, the spacecraft is first put into an orbit
around the planet, and then a AV is applied to effect the landing. Taking as
a typical case an orbiter at 2 planet radii (note that 1 radius is the nominal
surface), the AV required to land depends on whether this is an all-propulsion
system or an aerodynamic system.

At 2 radii, the escape velocity for Jupiter is about 139,700
feet/second, and the circular orbital velocity is 139,700A/2 = 98,700
feet/second.

The only method that may conceivably work is to employ purely aero-
dynamic braking in the early phase. At the velocity that the spacecraft will
arrive, direct descent is out of the question.. Rather, the spacecraft should
be allowed to go into orbit, and then as it repeatedly passes through the
outer atmosphere it will slow down enough to fire a retromotor for the landing..
The spacecraft cannot be allowed to employ a purely gravitational descent be-
cause the high density of the lower atmosphere would cause its complete
destruction. Consider a spacecraft which is to be initially placed in an orbit
of 2 radii perijove and 20 radii apojove. For the present reference trajectory
approach velocity of 58,000 feet/second, the AV required for insertion into
this eccentric orbit is 18,150 feet/second (see Reference 3 for curves used in
calculation), as compared to 52,400 feet/second necessary for insertion into a
circular 2-radii orbit. (Note that the present reference trajectory has a
much higher approach velocity than desirable for orbiters or landers).
Obviously, it is more economical from fuel and scientific payload considerations
to have a highly eccentric orbiter rather than a circular one. The retro re-
quired for landing from the eccentric orbit would, even with aerodynamic braking,
exceed technological capabilities for the immediate and foreseeable future. It
was therefore decided that alternate orbiter-lander missions be examined.

‘Approved NASA missions were examined and a Mars orbiter-lander was
selected due to its high probability of being realized. For this reference
mission, it was assumed that the lander was carried as part of the orbiter's
payload. The reason for this approach is that this corresponds with the
previously planned Voyager and presently planned Viking missions.

For the Voyager and Viking missions, the requirements was established
that anything reaching the Mars surface should be sterile. In addition, the _
density of the planet's atmosphere is very low which limits the available aero-
dynamic braking. This necessitates the lander mass be kept as low as possible.
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Therefore, the astrionics subsystems used during the interplanetary and insertion
phases of the mission should not be included in the lander's mass. Only those
subsystems necessary for a successful mission completion should be utilized.

The lander astrionics are independent of the ones analyzed during the earlier
phases of the mission. The results presented in this report consider only the
astrionics used from Earth launch to Mars orbit insertion.

Astrionics Design Philosophy

Navigation and guidance of the launch vehicle which would be used
for launching of interplanetary probe spacecraft were assumed to be under control
of the astrionics subsystems contained above the final launch vehicle stage. It
was assumed that the astrionics considered in the present work are an integral
part of the spacecraft as shown in Figure 1. It would not be necessary for
the astrionics to be an integral part of the spacecraft if only launch vehicle
navigation and guidance were considered. In this case, certain subsystems
such as the spacecraft attitude control would not be considered in the analyses.
In addition, alternate electrical energy sources such as batteries would be
used in the launch vehicle astrionics. Since the results presented in this re-
port consider the astrionics to be part of the spacecraft, the spacecraft
electrical energy source, propulsion system, and attitude control system are
considered in the evaluation. 1In the case of flight control systems, it is
quite possible that certain components of the system will be located on lower
stages of the launch vehicle. It is also possible that power may be supplied
to these components from a source other than the spacecraft's. In such case,
only those components inside the spacecraft are considered for weight and power
calculations. All components are considered in reliability calculations,
taking into account their effective periods of operation.

For a flyby mission, such as the Jupiter flyby examined in this re-
port, the onboard approach radars shown in Figure 1 may not be required. For
an orbiter-lander mission, such as the Mars mission examined in this report,
Figure 1 represents the astrionics of the orbiter spacecraft from launch
through orbit insertion. The lander is assummed to carry its own astrionics
subsystems that become active prior to separation from the orbiter. In the
present evaluation scheme, the entire lander is considered part of the payload.

The attitude control unit provides the required torques for stabilizing
and maneuvering the spacecraft. Various mechanizations are possible. The

mechanizations that led to the results reported herein are:

(1) A set of six pairs of thruster nozzles driven with
cold gas from a single tank;

(2) A set of four control-moment gyros; and
(3) A set of three orthogonal reaction wheels.

Although any of the three mechanizations may be employed, combinations of the
three are not permissible under the present structure of the program.
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The inertial semsing units can be either strapdown or gimballed. The
results presented in this report consider only strapdown inertial sensing units.

A centralized general purpose digital computer is assumed to provide
all data management. For example, this includes:

(1) Navigation, guidance, and control computations;

(2) Processing of data input and output to the communica-
ations subsystem;

(3) Control of all subsystem functions such as sequencing;
and

(4) Data storage and processing.

Components of the communications subsystem include both onboard
equipment and Earth-based tracking radars. The onboard equipment is assumed
to consist of the necessary antennas, transmitter, command decoder, and
multiplexer.

Approach radars include both range and range-rate units. They are
used in the orbiter-lander mission and are omitted in the flyby mission.

Electro-optical sensors include horizon sensors, sun sensors, planet
sensors, and gimballed or strapdown star trackers. Excluding planet semnsors,
the remaining sensors have been evaluated for the Jupiter flyby mission
(Reference 1). Sun sensors and strapdown star trackers were used in the
determination of the results presented in a later section of this report.

The flight-control system includes, in addition to the computer, omne
or more sets of rate gyros, one or more rate-integrating gyros, a lateral
accelerometer, an angle of attack sensor, passive filters, wiring, and electro-
mechanical actuators. These sensors may be located on the launch vehicle as
well as the spacecraft. Their location is determined by control system
stability analysis. One or more of these components may be missing for a
particular mission.

The electrical power source and distribution network include the source
of the electrical energy such as a radioisotope thermoelectric generator (RTG)
or batteries, as well as power supplies and wiring.




SUMMARY

The evaluation techniques developed for astrionics systems have been -
extended to include alternate attitude control configurations, flight control
subsystems, communications requirements, astrionics switching considerations,
and optimum midcourse correction strategies.

Mission requirements, mission event schedules, and spacecraft design
characteristics are considered in the evaluation of the effectiveness of
candidate astrionics systems, and in the determination of the effectivensss of
specific navigation updating and midcourse correction schedules,

Effectiveness evaluation is based on a cost effectiveness approach
with cost defined to be the total astrionics system weight and effectiveness
defined to be the probability that the astrionic system operates correctly.

" Using this cost or weight effectiveness model, several performance indices

have been developed. These may be broken into two categories. The first
category requires a specified effectiveness or probability of success and uses
weight as the performance index, while the second category has a specified
weight allowance for the astrionics and uses the ineffectiveness or probability
of failure as the performance index.

Penalty Functions

Three different penalty functions were developed during the first
phase of this contract and are discussed in detail in the Technical Discussion
section of this report. The three penalty functions (modes) are defined as
follows:

Mode 1. The probability of mission failure due to lack
of astrionics reliability and accuracy, PFA’ is

a specified constant. Another specified constant
is all nonastrionics weight, W A The penalty
function is the astrionics sysﬁem weight, WAS’
and is obtained by complete analysis of the
astrionics, mission schedule, and spacecraft data.
The total astrionics weight is defined to be the
sum of the weights of: (1) the astrionics hardware
including the inertial sensing unit; (2) the
electrical energy source and distribution network;
(3) the attitude countrol unit, W, .; and (4) the
propulsion system, W_ . An incredse in the
combined astrionics System weight necessary to
assure a given influence, by the astrionics system,
on probability of mission success is reflected in
an increased launch weight,-WT.




Mode 2. The total launch weight, equal to the sum of the
nonastrionics weight plus the combined astrionics
system weight, is a specified constant. 1In
addition, the nonastrionics weight is specified
as is the combined astrionics system weight.

Any decrease in astrionics system hardware or
power source weight is offset with an increase
in propulsion system weight or vice versa. The
probability of mission failure due to lack of
reliability or accuracy is the penalty function.

Mode 3. The third mode involves specified total launch
weight and probability of mission failure due to
lack of astrionics reliability and accuracy. The
combined astrionics system weight is the penalty
function. In this mode, the nonastrionics weight
(useful payload) is the difference between the
launch weight and combined astrionics system
weight. Thus, for increasing WAS’ WNA is reduced.

The three penalty functions are shown in Table I for comparison.

TABLE I. THREE PENALTY FUNCTIONS FOR EVALUATION
OF ASTRIONICS SYSTEMS”

Mode PFA WNA WAS WT Remarks
1 F F P i Fixed Nonastrionics Weight and
Probability of Astrionics Failure
2 P F F F Fixed Total Weight and Astrionics
Weight
3 F \ P F Fixed Total Weight and Probability

of Astrionics Failure

* V A Variable with System, F A Constant, P A Penalty function.

For each of the modes, the minimum value of the penalty function
defines the best system.

Evaluations discussed in this report were made using Mode 3. The
probability that the astrionics system operates correctly, 1 - P, , was speci~
fied as a mission constraint and the combined astrionics system weight, WAS’
is the penalty and is obtained by complete analysis of the astrionics, mission
schedule, and spacecraft data.




Sensitivity of each penalty function with respect to specific system
hardware parameters is expressed as the percent change in penalty per percent
change in data. These sensitivities allow easy determination of the system
parameters and components which affect the penalty function most directly
(large sensitivity magnitude). The algebraic sign indicates which direction
the penalty changes for an increase in the system parameter. Further explana-
tion of the penalty functions is contained in the Technical Discussion section
of this report.

System Parameters

The parameters used in the evaluation techniques are, in general:
(1) weight; (2) power; (3) mean-time-to-failure (MTTF); (4) mean cycles to
failure (MCTF); and (5) performance which depends upon the functions of the
particular subsystems. Of these parameters, the estimation of performance
(accuracy) of aided inertial guidance systems which utilize aid measurements
and Kalman filtering in the updating of system errors is the most difficult
to achieve.

Techniques to calculate the weight of the inertial sensing unit (ISU),
propulsion subsystem, computer subsystem, and power subsystem were developed
under Item 2 of the contract and are discussed in Reference 4. The total system
weight is the summation of the weights of each of the subsystems. The weight
of the attitude control system is estimated by the methods described in
Reference 1 and in the Technical Discussion section of this report. The weight
of the flight control system is estimated by summing the weights of the various
components. The communication subsystem weight is estimated for the onboard
transmitter and antenna. The weight of the electro-optical subsystem is the
total weight of all electro-optical sensors used during the mission.

The power required by the astrionics system is estimated by summing
the power required by each of the subsystems as a function of the system oper-
ating schedule for the mission of interest. The weight of the power sources
is estimated from the resulting mission power load profile. The peak load
determines the capacity of the RTG. The total weight of the power subsystem is
the summation of the weights of the RTG, power conditioning and distribution
equipment, and the wiring between subsystems.

The reliabilities of the ISU, flight control system, propulsion sub-
system, computer subsystem, and power subsystem are estimated as discussed in
Reference 4. The reliability of the attitude control subsystem is estimated
by the methods described in the Technical Discussion section of this report and
Reference 1. The Weibull distribution (Reference 4) with o = 1 is used for the
communications subsystem as well as the electro-optical sensors. The operating
time for the various candidate aids depends upon the mission schedule. 1In
addition, the effects of subsystem switching have also been included in the
reliability calculation.
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Computer Programs

The calculatior of the three penalty functions and the necessary
estimation of the system parameters have been coded into a deck of FORTRAN
subroutines. The subroutines, with a short, simple, main program calculate
the necessary system parameters and evaluate them according to the specified
penalty function. ‘

Data Requirements

Data needed to run the program are divided into four categories.
The first three involve data describing the mission and spacecraft and include:
(1) injection error sensitivities as computed by the Strapdown Error Analysis
Program (SEAP) or Platform Error Analysis Program (PEAP); (2) state transition
matrices generated by the n-body program; and (3) data describing mission
values, ISU design values, and spacecraft subsystems. The fourth category is
data describing candidate components (accelerometers, gyroscopes, electro-
optical sensors, communication subsystem, and computers) and includes: component
(1) weight, (2) dimensions, (3) excitation power, (4) reliability, and (5) error
coefficients. Computer data required are similar to that for gyros and
accelerometers except that the navigation errors are estimated based upon the
specified number of bits used to store each element of the attitude matrix,
attitude update integration frequeuncy, integration scheme (rectangular, Runge-
Kutta second order, or Runge-Kutta fourth order).

Output Options

The following types of output are available from the program:

(1) Level 1 Evaluation. A level 1 evaluation produces
a l-page report summarizing the astrionics subsystem
parameters and the effectiveness evaluation
calculations.

(2) Level 2 Evaluation. Level 2 evaluation includes a
detailed printing of all mission operations and error
analysis quantities as a function of time from the
beginning of the mission to arrival at the target
point.

(3) Sensitivity Analysis. Sensitivity is defined to be
the percent change in effectiveness per percent
change in any data value. Sensitivity reports may be
generated for all mission, spacecraft, and astrionics
data or selected subsets of data. These reports aid
in identifying the subsystem parameters and mission
values with the greatest impact on astrionics

effectiveness.
11




(4) Optimum System Selection. The optimum suite of
astrionics is found by successive substitution of
candidate subsystems for evaluation. The substitution
algorithm is similar to a steepest descent technique
with the possibility of finding only local minima.
Multiple starting points are used to minimize the
probability that the system found is a local rather
than a global optimum.

(5) Optimum Multiple Midcourse Corrections. Selection
of an optimum sequence of updates and midcourse
corrections is possible, as an option. A table of
all sequences tried by the algorithm is printed.

The first four types of output were programmed during the first two
years of this study and extensive examples of these are shown in References 1
and 4. The optimum midcourse correction algorithm is discussed at length in
this report and a sample output is shown in Appendix A.

Mission Characteristics

Two mission are considered in this report. The first, a Jupiter
flyby has been discussed in detail in Reference 1 and 4. The second mission
is a Mars orbiter/lander mission which is discussed in Appendix A. This mission
is based on Viking data when possible but is not a conclusive study of astrionics
for the Viking mission. (Reference 5). '

Mission Schedule

The computer program accepts a flexible mission schedule defining
astrionics operations. To avoid lengthy repetition of similar sequences, sub-
schedules have been introduced. A set of scheduled astrionics operations such
as a midcourse correction sequence can be defined as a subschedule. The mission
schedule then states the times at which the subschedule is to be executed.

Summary of Effort on Added Study Elements

Planetary Approach Sensors

Approach sensors carried onboard the spacecraft are used: (1) to
provide information for state updating at various times as specified in the
schedule for any particular mission; and (2) to aid in correct attitude
orientation of the spacecraft prior to midcourse corrections.

12




In determining whether any particular sensor should be employed, the
assumption was made that, except in cases when the spacecraft is eclipsed by
another body, Earth-based updating information is available from the DSIF.

With this assumption, only sensors capable of improving on the accuracy of the
DSIF-updated navigation system need be considered. Onboard range and range-
rate radar and electro-optical sensors were examined. Range and range-rate
radars were modeled and incorporated in the computer program. Planet angle
sensors were analyzed but not modeled, If the assumption is made that the

DSIF provides range as well as range-rate data with the accuracies stated in
the available literature (Reference 6), the planet angle sensors do not offer a
significant improvement in updating information. Sun sensors and star trackers
are carried onboard the spacecraft and measurements with these are possible
during the approach phase. These measurements are used for updates as specified
in the mission schedule.

A Mars orbiter mission was analyzed, as an example, from launch to

retro-firing for orbit injection. Although sensors necessary for landers were
considered, no modeling of landers was done.

Alternate Attitude Control Schemes

In addition to cold gas reaction jets, discussed in Reference 1, two
alternate attitude control mechanizations have been analyzed and modeled.
These are control moment gyros (CMG) and inertia wheel attitude control (IWAC).
Unlike gas reaction jets, both these schemes are mass-conservative mechanizations,
operating by shifting the orientation of the spacecraft's momentum vector.

The CMG system is not only mass conservative but, in most cases,
momentum conservative, The gyros are kept rotating at constant speed and
momentum is transferred between spacecraft axes by torquing the gyros. IWAC
systems are not momentum conservative. They employ wheels with fixed
orientations with respect to the vehicle axes, and the spacecraft total momentum
vector is changed by slowing down or speeding up the wheels.

Sizing of the system is accomplished by calculating the torque neces-
sary to perform the specified maneuvers and overcome external disturbances.
Once the minimum adequate torque is established and the maximum precession
velocity is postulated for the system, then the necessary momentum is known.
The postulated precession velocity is not permitted to exceed the maximum
angular velocity for which successful acquisition of the Sun and star by the
onboard sensors is possible.

The various possible attitude control mechanizations are compared in
Table ITI. Only one set of inertia wheels is used in the IWAC system. 1If
separate fine and coarse control wheels were employed, it is reasonable to
expect a small increase in weight and some decrease in the required power.

Both CMG and IWAC mechanizations result in a higher penalty than the
gas-reaction jets, mainly due to the subsystem weight difference. In multiple-
midcourse missions, the penalty may also be affected by degraded reliability.

13




TABLE II, COMPARISON OF ATTITUDE CONTROL SYSTEMS
ON A JUPITER SWINGBY MISSTION

Attitude Control Attitude Control “
Mechanization Weight (1bs) Power (watts) Penalty (1lbs)

Gas Reaction Jets

(Equal Thrusts) 21,218 10.00 384.047
Gas Reaction Jets

(Unequal Thrusts) 21.215 10.00 384.326
Control Moment :

Gyros 29,019 9.407 391,567
Inertia Wheels 30.422 14,978 394,965

%* All other subsystems contributing to the penalty are identical for each
mechanization.

This effect did not become apparent in the Jupiter flyby mission on which the
systems were evaluated. Detailed analysis and results appear in the Technical
Discussion part of this report.

Flight Control Requirements

An investigation of the impact of flight control requirements on
astrionics effectiveness was carried out. The analysis was hampered by the
fact that the flight control components differ according to the launch vehicle
as well as the mission characteristics. No model was therefore possible for a
generalized approach towards synthesis of such systems.

If the flight control components and their locations are known, it
is possible to calculate the effect that their power requirements, reliability,
and in some cases, weight will have on the overall penalty.

In addition, evaluation of the requirements flight control imposes
on the onboard computer is possible on the basis of computational speed and
memory capacity. For a particular mission, these requirements should be input
as data. The data bank is searched for a computer meeting the given require-
ments. More detailed evaluations were not implemented in this study, due to
their dependency on individual mission and vehicle parameters.

14




Effects of Subsystem Switching

The effect of switching subsystems on and off on the astrionics
reliability is considered. An exponential model is assumed for computing the
probability of failure due to on and off switching with the mean number of
cycles to failure (MCIF) of each subsystem specified as input data.

Communications Requirements

The impact of the spacecraft communications subsystem upon the penalty
was considered by optimizing the communications subsystem weight. In this
application, the transmitter must deliver a sufficient amount of power to the
spacecraft antenna in order to satisfy a given requirement on the effective
radiated power (ERP). The required ERP is calculated from trajectory and Earth
based station data. A comparison of an optimized transmitter versus a specified
20 watt transmitter weighing 10 1lbs., is shown in Table III.

TABLE III., COMPARISON OF OPTIMIZED VERSUS SPECIFIED
TRANSMITTER ON A JUPITER SWINGBY MISSION

Transmitter
Optimized Specified
ERP (KW) 3.36 3.36
Antenna Gain (DB) 23.6 26,2
Antenna Weight (1b) 14.615 20.98
Antenna Pointing Tolerance (deg) 1.084 .802
Transmitter Output Power (watts) 36.536 20.0
Transmitter Weight (lbs) 3.727 10.0
Energy Source Weight& (1bs) 114,772 109,067
Penalty”™™ (lbs) 377.114 384.047

)

& Includes electrical power requirements of other astrionics subsystems
which are identical for both cases.

%% Attitude control using equal thrust gas jets.
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Multiple Midcourse Correction Strategies

A critical reviaw of seven selected papers relating to the develop-
ment of an optimum midcourse correction policy was made and one of these, a
paper by C. G. Pfeiffer, was selected for implementation. This optimization
procedure, an adaptation of Bellman's dynamic programming algorithm, was
applied to the astrionics penalty function to determine an optimum midcourse-
correction strategy. The results of this application are discussed in Appendix A.
A second midcourse correction policy was implemented. This policy was developed
by assuming that velocity corrections would be made at given times to minimize
the uncertainty in the resulting target miss. A matrix which relates the
desired velocity correction vector to the vector of instantaneous computed
deviations from the nominal trajectory is determined for two cases. In the
first case, execution errors are neglected while, in the second case, an
approximation of the errors generated by the midcourse correction is considered.
Improvement using this technique was slight and it was removed from the program.

16




TECHNICAL DISCUSSION

Evaluation Criteria for Interplanetary Multiple Planet Swingby,
Orbiter, and Lander Mission Astrionics

Evaluation criteria for interplanetary flyby mission astrionics were
formulated and implemented through computer programs in previous phases of work
on this contract. This Interim Scientific Report encompasses the third year
effort and resultant modifications to the computer programs required to
accomplish the objective of this phase. The extension of the effort to include
evaluation of astrionics for multiple planet swingby, orbiter, and lander
missions necessitated making modifications to the previous astrionics evaluation
criteria and system concept.

Astrionics System Concept

It was assumed that the modular astrionics system design philosophy
(References 1 and 4) is applicable to this study. This philosophy permitted
addition of another module to the integrated astrionics configuration used
during development of the evaluation techniques for interplanetary flyby mission
astrionics (Réference 1). The module added is approach guidance radar. Note
that the electro-optical aid subsystem now includes planetary approach sensors.
In addition, as depicted in Figure 2, the propulsion subsystem was changed from
a midcourse correction propulsion subsystem to a AV propulsion subsystem, This
change was necessary since the same propulsion subsystem is used for midcourse
correction AV, orbit insertion AV, and orbit trim AV in many spacecraft designs
(Reference 5 and 7).

To evaluate the modified astrionics system, some modifications were
made to the penalty function as originally presented in References 1 and 4.
The modified penalty function is discussed in the following section,

Penalty Function Analysis

The effectiveness of an astrionics system on a specific spacecraft
and mission is evaluated by one of three penalty functions. The astrionics
system is described by the seven system parameters shown in Table IV, , the
mean AV, is the nominal retro burn for orbit insertion if accomplished with
the same engine used for the midcourse corrections. Since the orbit insertion
burn may include guidance to correct velocity deviations, it is necessary to
include the propulsion subsystem in the astrionics analysis. If a separate
engine is used for orbit insertion and corrective guidance does not occur, MV
is set to zero and the retro subsystem is not included in the astrionics
analysis. The penalty functions are calculated from the above system parameters
and the mission and spacecraft parameters shown in Table V.
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TABLE IV, ASTRIONICS SYSTEM PARAMETERS

Symbol Definition

PFR Probability of mission failure due to inadequate
hardware reliability.

RV Square root of the trace of the AV covariance
matrix.

DV Degrees-of-freedom of the midcourse AV covariance.

MV Mean of the AV,

RT Square root of the trace of the target miss
covariance matrix, or the standard deviation of
any single miss parameter of interest.

DT Degrees-of~freedom of the target miss covariance.

WICP Weight of onboard inertial sensing unit,

computer, electrical energy source, electro-
optical sensors, communications subsystem, radars,
attitude control, and wiring.
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TABLE V, MISSION AND SPACECRAFT PARAMETERS

Symbol Definition

PFA Probability of mission failure attributable to
‘the astrionics system,.

WNA Nonastrionics spacecraft weight.

WT Total spacecraft weight.

Xu1ss
ov
%oc

Ig

Allowed magnitude of any miss parameter, or vector
of interest, at the target.

Propulsion system tankage factor (system weight/
fuel weight).

Propulsion system constant weight.

Specific impulse of the propulsion system times
gravity.

The three penalty functions are defined in Table VI.

20

TABLE VI, PENALTY FUNCTION DEFINITIONK

Penalty PFA wNA WAS WT
Mode _ »

1 F F P \Y

2 P ¥ F F

3 F v P . F
* F A Fixed, P A Penalty, V A Variable with System




Penalty function, Mode 1, assumes that a certain probability of
mission failure attributable to astrionics (Pp,) 1s reasonable and that non-
astrionics spacecraft weight (W _,) is fixed. The astrionics system weight is
calculated and used as the pena%%y function,

Penalty function, Mode 2, assumes nonastrionics, astrionics system,
and total spacecraft weights are constants with the probability of mission
failure attributable to astrionics (PFA) variable and used as the penalty
function. '

Penalty function, Mode 3, assumes that a certain probability of
mission failure attributable to astrionics (P_,) is reasonable and that total
spacecraft weight (W,) is fixed. The astrioniCs system weight (WAS) is variable
and used as the penaTty function.

Calculation of the penalty function under any of the three modes will
involve calculating the intermediate quantities defined in Table VII.

TABLE VII. INTERMEDIATE QUANTITIES USED IN
CALCULATING THE PENALTY FUNCTIONS

Symbol Definition
P Probability of having insufficient AV
FV
fuel,
- Probability of exceeding target miss
criteria.
PFTR Probability of failure due to inadequate

reliability or target miss.

WF Weight of AV fuel.

wDV Total weight of propulsion system.
AV Velocity change capability.

by Xurss /Ry
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A detailed discussion of the steps used to calculate each penalty mode
is given below.

Penalty Mode 1. Probability of missing the target (Ppp) is calculated
from the system parameters describing accuracy at the target as follows:

+J
[

Prob ¢T’ D)

FT T

where

[

wT XMISS/RT

Note that the definition of Xyjgg has been expanded to be completely
general. Xyygg for an orbiter would be the acceptable deviation in one or more
of the orbital elements. For a lander, Xyygg could include acceptable position

or velocity vector deviations at touchdown. Xyjsg on multiple planet swingby
missions in the acceptable periapsis deviation at the final planet. Deviations

from the nominal periapsis at intermediate planets will be accounted for by
subsequent midcourse corrections.

The function Prob(Vy,D) is the probability distribution of the magnitude
of a vector with normal, zero-mean components as discussed in Reference 8. A
table of this distribution is shown in Figure 3.

The combined probability of missing the target or failing due to in-
adequate reliability is obtained from

p = -FA _FIR 0

Note that if Pppr exceeds Ppp, Ppy does not exist. In other words, if the prob-
ability of failure due to inadequate reliability or target miss is greater than
Ppps even a perfect system (zero probability of insufficient fuel) will exceed

Pra.

The AV capability needed to achieve the required PFA is calculated
from

AV = REQ(P Ly, »Ry»Dy)

where REQ(P,M,R,D) is a modified version of Prob(V¥,D) as discussed in Appendix B.
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The familiar rocket equation,

AV = Ig 10ge(M) ,
is used to obtain the spacecraft mass ratio,

_ eAV/Ig

The spacecraft mass ratio is the initial spacecraft welght divided by the final
spacecraft weight and is calculated as follows:

DV F DV DC

Defining

T ICP NA DV

substitution into the equation for WF in terms of WT and ¥ yields

- D (Wpep + Wop + Kpe)

F po- (- 1) Koy

The effective weight of the complete astrionics system is then

Was = Wicp + Wpy :

24




This is the desired penalty function. The above equations are shown in flow
chart form in Figure 4.

Penalty Mode 2., The probability of failing due to inadequate relia-
bility of miss at the target (Pppg) is calculated as in Penalty Mode 1. The
combined astrionics system probability of failure (Pgpp), the penalty of Mode 2,
is calculated by including the probability of insufficient midcourse correction
fuel (PFV).

The total spacecraft weight (Wp) and nonastrionics spacecraft weight
(WNA) define the total astrionics system weight to be

Wes = Yo = W ’

The propulsion system weight is assumed to be

Wy = Yas ™ Wicp

Thus, the fuel weight is determined from the equation,

] -
“DV KDC

and the spacecraft mass ratio is

The AV capability is found from tﬁe rocket equation,
AV = Ig log ()
and the probability of insufficient fuel is
Py = PRM(AV,M,R D)
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where PRM(V,M,R,D) is the inverse function of REQ(P,M,R,D)

The combined probability of mission failure attributable to the
astrionics 1is

(3)

and is the desired penalty, Mode 2. The above equations are shown in flow chart
form in Figure 5.

Penalty Mode 3. Penalty Mode 3 is similar to Penalty Mode 1 in that
the penalty is the effective weight of the astrionics system (Wpg). However,
the total spacecraft weight (Wp) is held constant under Mode 3 unlike Mode 1
where the nonastrionics weight was held constant.

The probability of failing due to reliability or miss at the target
(Pprp) 1s calculated as under Mode 1. The probability of having insufficient
fuel is obtained from the equation

The result is used to compute the required AV capability from the equation

AV = REQ(Pp»M >Ry ,D0)

With the AV requirement known, the mass ratio is

b= eAV/Ig

Since the total spacecraft weight is known, the required fuel weight may be
obtained directly from

The total effective astrionics system weight is obtained by adding the propulsion
system weight to the weight of the other astrionics subsystems as shown below,
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Was = Wicp T Wy : (4)

The equations for Penalty Mode 3 are shown in Figure 6.

Astrionics Subsystem Analysis

The following sections of this report describe the analyses of the.
added astrionics subsystems and the modifications to the error analysis and
penalty evaluation techniques.

Deep Space Instrumentation Facility.

The Deep Space Instrumentation Facility (DSIF) provides communications
with and tracking of the spacecraft through most of the mission. Brief periods
may exist when the DSIF can not view the spacecraft due to occultation by
celestial bodies such as the target planet or the moon.

The communications function of the DSIF is considered under the
communications requirements discussion later in this report. The tracking
function is included in the error analysis as updating of the onboard navigation
estimates of the states, Prior to the updating of the onboard system, extensive
ground based calculations are made using the DSIF doppler radar measurements.

The accuracy of the onboard update is a function of the trajectory, the tracking
time, and the frequency and accuracy of the doppler measurements. The ground
based calculations and basic doppler errors are not modeled in this study. It

is assumed that the results of these measurements and calculations, when trans-
mitted to the onboard navigation system constitute an update of the onboard
system range and range rate errors. The accuracy of the range and range rate
information, after tracking and statistical smoothing by the ground based
calculations are referred to in this report as the DSIF accuracies. As mentioned
above, these accuracies are a function of the trajectory and sampling frequencies,
but are assumed to be constants, specified as data in this study. The one sigma
values used, 50 ft and .004 ft/sec., are achievable with the DSIF under certain
trajectory and tracking conditions [one doppler sample per minute for several
days (Reference 6)]. Further study is required to ascertain the exact figures
for any mission.

Planetary Approach Sensors

Capability for evaluating planetary approach sensors has been developed
and added to the existing computer program.

The approach sensors are treated like any other astrionics subsystem
for penalty evaluation purposes. Weight, power, MIBF, MCTF, and accuracies are
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required as input data, and the effect of the system on the penalty is then
calculated.

Measurements discussed include those made by electro-optical sensors
and range and range-rate radars. Sensors actually modeled in the computer
program include star and sun sensors and range and range-rate radars. Sensors
for planet angle measurements were not modeled. The accuracy of DSIF earth-
based tracking minimizes the effect of updates using these less accurate
measurements.

A Mars orbiter mission was used to exercise the computer program.
Results for this mission appear in Appendix A.

Radar Measurements

During the approach phase, it is assumed that onboard radars capable
of measuring range and range rate are available for updating the navigation
system errors, These updates are in addition to the DSIF and star-sun electro-
optical sensors used through most of the mission. To include the effects of
updates using these radars in the navigation error analysis, it is necessary
to know the covariance or standard deviations of the errors in the measure-
ments and the measurement matrix relating the navigation states to the measured
quantities.

Radar Accuracy. The fundamental accuracy of range, and range rate
(doppler) radars is discussed in many texts (e.g., References 9 and 10).
Additional errors associated with the design and installation of radar sub-
systems contribute significantly to the total error in approach radar measure-
ments. These are discussed in detail in Reference 11l. In summary, the errors
discussed in Reference 11 are broken into the following three categories:

(1) Bias errors, which are constant offsets and vary
from point to point in the trajectory and thus are
functions of the nominal state vector. These include:

(a) Terrain bias errors,

(b) Uncompensated dynamic-lag errors,
(¢) Doppler compensation errors, and
(d) Pre-amp slope errors.

(2) Installation and environmental errors associated with
the misalignments of the sensors on the spacecraft.
These include:

(a) Initial mounting errors, and
(b) Vehicle distortion due to vibration and
temperature changes.
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(3) Fluctuating errors which vary randomly with
statistics that are a function of the nominal
trajectory state vector. These may be broken
down to include:

(a) Spread spectrum error,

(b) Oscillator drift,

(¢) Range beam modulation error, and

(d) Quantitization errors due to digital
processing.

All the errors are treated as Gaussian uncorrelated sources and the
total measurement errors may be found by taking the RSS of the 10 values of
each source. The computer program does not model the approach radars. in detail.
A single number, the total standard deviation of each measurement, is loaded as
data. 1If additional data is available the program could easily be modified to
make the standard deviation a function of range and range rate.

The Measurement Matrix. The measurement matrix necessary for error
analysis is calculated from the partial derivatives of range and range rate
with respect to the state vector of position, velocity, and attitude. The range
may be expressed as:

=

]
[}
]

and the partial derivatives are:

with the partial derivatives

3s. _ LY R

= - +
2
Bri R Bri

v r . v)r,
(x . Vr,

4
R 3

and

oo/
< jn
W[H
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The complete 2 by 9 measurement matrix is then

Tii=1, 2, 3) ' 0 oo
R ! I
G e v el eyt T
- (. r, 1.1_(1— » 2, )I f_i_(l— s 2, 3)
B R> R i R | 0 _|

Electro-Optical Measurement

Electro-optical sensors are assumed to be carried onboard the space-
craft. These sensors are used for updating the state of the spacecraft and also
for attitude orientation. A sun sensor and a Canopus sensor are both employed
and their function and operation have already been discussed in Reference 1.

On-board electro-optical sensors may be used for the performance of a
variety of measurements. Most of these involve measuring the angle between
two bodies such as star-star, star-sun, planet-star, planet-sun, etc. A
discussion of these possibilities and their associated measurement matrices can
be found in Reference 12.

Choosing between the various possibilities depends on the ultimate
purpose of the measurements. For the planetary approach phase, the function
desired of the electro-optical sensors is to supplement the information derived
from the ISU for state estimation. It has been pointed out (Reference 7) that
planet angular diameter measurements and planet-star angle measurements using
a star near the normal to the ecliptic are the best candidates for this purpose.

The planet angle measurement technique described below has not been
implemented in the present computer program because the accuracies used for the
DSIF are such that the effect of the planet angle measurement would not
significantly improve the results. Should the need arise, however, it can be
readily included in the program.

Planet Angle Measurement. Stadiometry is a well-known method of
determining the distance from spacecraft to the sun or planets in our solar
system, given their diameters. In this method the angle subtended is inversely
proportional to the range of the measuring device. One convenient method of
estimating this angle utilizes the measurement of the illuminated portion of the
planet. Since the sun will not always be behind the spacecraft, the illuminated
portion of the planet as observed from the spacecraft will vary from the full
circle to the eclipse with the various crescent shapes in between. An angular
sensor would, by necessity, have to be able to distinguish between the possibilities.

One measuring technique is provided by sectioning the illuminated
image into an array of cells as illustrated in Figure 7. This could be
accomplished by vidicon scanning or by a mosaic sensor. The mosaic sensor,
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although not as fully developed as the vidicon, offers the possibilities of
greater reliability, lower power requirements, less computation, and less
memory storage to determine the subtended angles. Advances in mosaic sensor
state-of-the-art offer considerable competition to the vidicon [i.e., photo-
conductor~diode arrays with as many as 360 x 360 elements have been produced
by thin~film techniques (Reference 13)].

The celled array approach provides two significant measurements as
illustrated in Figure 7. The distance between the cells which are the farthest
apart, AB, can be used to determine the stadiametric angle. CD, the distance
between cells farthest apart but perpendicular to AB, can be used to determine
the crescent angle. From these measurements, the distance to the planet and
the planet-sun angle can be determined as shown below.

Consider the two diagrams in Figure 8. 1In the top diagram the Sun
is assumed perpendicular to the page. If the Sun's reflection from points A
and B can be sensed, then

where Dp is the planet diameter and RSC is the distance from the spacecraft to
the planet center. From this

The angle, B, is defined to be the angle measured from the spacecraft-
planet vector to the spacecraft-Sun vector. B can be related to @, as follows:

2
o
1
9 =73 a, (5)
'Egsin(B-90)=—-2'gcos(8)=d (6)
Therefore,
d
R = tan © (7)
p
b, o
= - - 8
Rp RSC 5 cos (8 - 90) (8)
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D
R =R - 59 sin (B) .

Using Equations (6) and (9) in Equation (7),

_ -1 -~ cos (B)
8 = tan ZRSC .
55€ - sin (8)
p
In terms of az;
o = tanl | zeos @ 1P
2 2R SR
—2€ - sin (B) s¢
D
P

The measurement matrix can now be obtained by taking the partial
derivatives of the measured quantity a, with respect to the elements of the
spacecraft-to-planet state vector R, ile.,

5@2 oB . aaz BRSC

08 Or, OR__ or,
i se i

where ri’ i=zx,vy, Z, are components of the state vector R.

If the angular field of view (FOV) of the mosaic sensor is ¥ degrees
and there are N cells covering this field of view, then the angular resolution

is K = i. K or § can be varied by changing the lens focal length. Hence, a
system might be self-adjusting as the spacecraft approaches the planet.

Each cell of the mosaic is either on or off for any one frame as a
function of the threshold and illumination. It is assumed that the threshold
will be set so that the on state will occur when a section of image having a
defined intensity is exposed to 1/2 the active cell area. This would provide
an angular error of at least 1/2 K. 1If two cells are used in determining the
subtended angles, the minimum error in measurement for a single frame would be

K

V2. Repeated computation after the image is shifted slightly to provide un-
correlated frames would make it possible to average the cell resolution error.
This would depend on the correlation between frames and the spacecraft travel
during the averaging time.

Other errors in angle measurement attributed to the mosaic are random
noise, crosstalk, and nonuniformity of cell sensitivity. Prolonged observation

(9)

(10)
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helps considerably in reducing thermal noise and other random excitations.
Errors caused by crosstalk and nonuniformity are strictly a function of the
mosaic fabrication and structure. These errors are considered as bias errors
and are not reduced by time or frame averaging.

Errors in angle measurement not related to the instrument are those
caused by so called background clutter (i.e., stars, meteroids, cosmic dust,
planet dark spots, etc.). It is believed that image enhancement techniques
will help considerably in reducing these errors. The errors attributed to
this factor may be lumped into one variance figure.

The total error in angular measurement can be determined by summing
the squares of the contributing variances as follows:

2 2 2 2
%vor = Ccgr T %mnst T crur

h o] - K variance attributed to oluti
where 0., NS ute resolution
where N is the factor provided by frame averaging
GINST = variance attributed to crosstalk and nonuniformity
o) = variance attributed to clutter.
CLUT n utter

The measurement matrix previously derived and the measurement errors
defined above are all that is necessary for the implementation of the angular
sensors in the Kalman-filtered update model.

Planetary Approach Phase Navigation. Analysis of orbiter-lander
approach guidance systems is divided into two parts: the first part includes
guidance from the point of entry into the planet's sphere of influence until
orbit; the second part includes guidance from orbit to landing. Since a sizable
package is left in orbit after the lander separates, navigation aids may be quite
different in the two cases.

For approach, optical aids will usually be employed. It is assumed
that the spacecraft employs a sun sensor and a star sensor, and, if desired, a
sensor which can lock on the illuminated portion of the target planet. DSIF
information is assumed available during this phase.

For the terminal phase, optical aids may or may not be employed. The
lander may include a TV transmitter, with resultant monitoring from Earth. At
planetary distances, however, the time lag excludes earth-based guidance. DSIF
information may not be available due to the spacecraft's being shielded by the
target planet, and due to the difficulty of locking onto the spacecraft when in
close proximity to the surface.

The possible errors sources for each part and their impact on the mission
success probability must now be identified.
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For the approach phase, the end objective is to place a spacecraft
into an orbit around the target planet. The desired periapsis and apoapsis for
this orbit are fixed as rp and r, respectively. TFigure 9 shows the approach
path to achieve such an orbit.

Orbit insertion consists of altering the path at point S, so that the
spacecraft enters on the path S-S' with firing of the retro engine occurring at
poiht P for orbit injection. The line S-A, tangent to S-S' at S, is called the
approach asymptote, and the line segment B, from the planet's center perpendicular
to SA, is called the impact parameter.

Onboard measurements normal to the approach trajectory involve
determining the angle between the vectors locating the planet center and the
reference star with respect to the spacecraft. This is shown in Figure 9 as the
angle 8 + . The angle @ is known from trajectory calculations, so the impact
parameter angle ¢ is readily calculated from this measurement. If a second star
in another axis is viewed, then the rotation of the impact parameter about the
planet center can also be determined.

Use of DSIF updating provides range and range-rate accuracies of
sufficient magnitude (see Appendix A) that angular measurements of the planet
with state-of-the-art electro-optical sensors does not improve the state
estimate for the Mars mission on the trajectory used. Should significantly more
accurate electro-optical sensors for planet approach measurements be available,
they may be incorporated into the computer program without undue difficulty.

In such a case, the improvement in accuracy should be weighed against the
degradation in the penalty that would result from the weight, power, and
reliability considerations of these sensors.

Additional errors will arise during retro-firing due to errors in the
spacecraft's orientation when firing. These attitude errors will generate
velocity and position errors. For a Martian orbiter, the retro AV is about 3000
to 4500 ft/sec depending on the trajectory selected. The velocity errors generated
during approach are much smaller in magnitude and correction requires very little
additional fuel.

The factors which may affect the penalty during approach navigation
are:

(1) Electro-optical sensor and radar MIBF, weight, and
switching reliability degradation.

(2) Electro-optical sensor and radar measurement uncertainties,
(3) Position and attitude errors at the craft's entry
into the planet's sphere of influence. (For the

approach phase, these are essentially biases).

(4) Retro-thrust magnitude and duration uncertainties.
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(5) Velocity and position errors generated during thrusting
by improper initial alignment of spacecraft. Although
these are essentially second-order effects, the error
magnitudes may be the largest contributors to the penalty.

For the terminal phase, it is assumed that the spacecraft is already
in orbit around the planet. Errors that may exist in the orbit can be prop-
agated via the state-transition matrix. Altitude errors may be assumed to
have been previously corrected by a Hohmann transfer, or they can be propagated.

From this parking orbit, the lander is launched and descends to the
surface of the planet. The moment of release of the lander may be computed
on-board, or may be commanded from Earth. Obviously, the landing site will be
directly dependent on the time of release. The DSIF can measure certain orbital
parameters very accurately, so the time of release can be calculated equally
accurately,

The lander enters the planet's atmosphere at an entry angle 8 as shown
in Figure 10. For a direct lander, this path entry angle is very critical. Too
steep an angle will cause the lander to burn up and too shallow an angle may
cause it to skip back out. For entry from orbit, however, much shallower angles
are permissible without danger of skip-out. Following atmospheric entry, the
lander is slowed by aerodynamic drag and possible parachutes. The retro engines
are then fired to effect a soft landing. To avoid surface contamination by the
exhaust, the engines are cut at some height over the surface. If the horizontal
velocity is not greater than some critical value, the lander will then drop to
the surface intact without toppling over. 1In practice, horizontal velocities of
less than 2 ft/sec are achievable with state-of-the-art guidance systems. In
addition, attitude and attitude rate must also be controlled as excessive tilt
of the craft is unacceptable. Inclination of the landing surface should also
be taken into account.

The spacecraft is assumed to contain a pulsed radar (doppler) altimeter,
and a CW radar. Other configurations are possible, but will not be discussed
herein. The radar altimeter provides information for release of the parachute
prior to final descent, and acts as a backup to the range beam down to some low
altitude limited by pulse width constraints (Reference 15). The CW radar posesses
four CW velocity beams and one FM/CW range beam, separated from each velocity
beam by a "squint" angle V.

The ISU output can be used for derivation of steering commands.

Factors to be considered in the terminal guidance portion of the mission
must include:

(a) Inertial sensing unit errors

(b) Retro engine thrust and firing time uncertainties
(c¢) Altimeter (doppler shift) errors

(d) CW Radar errors {(Frequency drift, noise, measurement

uncertainties)
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(e) Optical aid errors
(£) Flight path entry angle error (This is not an
independert error but will be a function of
initial condition errors and retro engine errors)
(g) Failure probability due to various MTBF's.
Given more information on the terrain of the planet, the probability
that the lander lands upright can also be calculated. This, for the present,
is secondary.
The terminal phase is not included in the present form of the computer

program due to lack of sufficient information on the lander vehicle.

Alternate Attitude Control Mechanizations

Cold gas reaction jet attitude control was studied in detail in
Reference 1. In this section control moment gyros and inertia wheels are
considered.

Control Moment Gyvro Attitude Control. An investigation has been
conducted on the use of control moment gyros in the attitude control system in
place of the previously examined gas-reaction jets (Reference 1). Although it
is entirely possible to use both control moment gyros (CMG) and gas-reaction
jets in the same attitude control system, the following analysis concentrates
on the use of CMG alone.

Unlike the gas-reaction jet, which is a mass-expulsion device, the
CMG is a mass-conservative system, working on the momentum-exchange principle.
While the total momentum of the system is constant, quantities of it can be
absorbed by the CMG by changing the orientation of the spin vectors of the gyros.
In this way, the total momentum vector of the vehicle can change direction, re-
sulting in a change of attitude for the spacecraft.

In addition, external torques acting on the spacecraft can be compen-
sated by an appropriate change in the gyro orientation. In this case, the total
momentum vector may or may not remain constant in magnitude, depending on the
nature of the external disturbance. For impulsive disturbances (e.g., meteorite
impact) the total momentum will, except in the most severe cases, remain constant
while for continuous disturbances (e.g., solar pressure), the total momentum will
eventually change.

Design Considerations., The CMG is basically a power gyro, and its
main output is torque. 1Its basic design goals should be symmetry, stability,
avoidance of severe temperature gradients, and design at stress levels well
below the elastic limit. This last requirement is particulary important, since
the control torques can be applied to the spacecraft only through the gimbals
and bearings, and yet the gimbal inertias should be low (Reference 16).
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Since the prime output of a power gyro is torque, the extreme
position accuracy which is obtainable in instrument gyros cannot be achieved.
Electromagnetic and electrostatic suspensions which are utilized in instrument
gyros cannot be utilized here since they preclude the transmission of sizable
torques between the gyro and the vehicle. Thus, the CMG uses conventional
gimbals and bearings, with all the losses and inaccuracies associated with such
a setup. The spin bearings are the prime factor in power consumption and life
of the CMG, while the gimbal bearings determine the angular rate limits and
sensitivity thresholds.

The rate threshold of a CMG limits the accuracy of control to about
ten seconds of arc (Reference 16). If greater accuracies are desired, floated
gyros must be employed, with their associated disadvantages of lower torque
gain, more required power, and smaller momentum to weight ratios. In this
analysis, conventional bearings will be assumed.

Equipment Associated with CMG. For the CMG to operate effectively
in an attitude control system, it is necessary to have, in addition to the gyro
itself, a sensor, or pickoff, to provide a signal proportional to the gimbal
angle. 1In usual CMG applications, this signal is fed to a torque computer and
a reset computer. In addition, there exists a need for a set of torquers, which
will provide a given torque to the CMG given some command signal. Accurate
servo motors are usually utilized as torquers.

The torque computer mentioned above assumes the existence of a
multiple gyro system. It is common practice to utilize at least three single
degree-of-freedom gyros, with their output axes aligned as close as possible
to the body axes of the vehicle. In control operations, each gyro will exert
a portion of control effort in any given direction. The function of the torque
computer is the solution of the geometric problem of how to move the momentum
vectors in space to insure that the torque exerted on the vehicle is about the
correct axis and of the correct direction and magnitude.

The reset computer, also mentioned above, is basically a threshold
measuring device. The computer determines the amount of momentum being provided
along the three axes, and when it reaches some pre-established value, the
computer calls for a measured reset pulse. Current practice is to combine the
torque and reset computers into a single package.

For reliability analysis of a CMG system, reliability values for the
computer package may be as significant as those for the gyros themselves.

Analysis of a CMG System. A complete CMG attitude-control system may
have several different configurations. The simplest would comprise one single-
degree-of-freedom gyro per principal vehicle axis. Moving up in complexity, one
finds twin single-degree-of-freedom gyros per axis, single two-degree-of-freedom,
twin two-degree=-of-freedom, and, finally, configurations involving four gyros,
single or twin, of one or two degrees of freedom. Analyses for several of these
cases exist in the literature (References 16, 17, and 18).
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In this section, two cases will be examined; one single~degree-of-
freedom (SDF) gyro will be analyzed as an illustration of the type of procedures
necessary, and then the four SDF gyro configuration will be analyzed. The
reasons for these choices will be presented with the aralysis,

One Single Degree-of-Freedom Gyro. The configuration of interest is
shown in Figure 11. ©Note that the final results will depend on the choice of
coordinate systems. Assume both coordinate systems possess a common origin at
the center of mass of the spacecraft. The body axes are xXp, yp, zp and, the
gimbal-centered coordinate system Xg, Yg» 2gs has zg always coincident with the

spin axes. © is the angle describing the gimbal rotation and is positive when
rotated about Xg according to the right hand rule.

Frame attached
to vehicle

AW

FIGURE 11. SINGLE-DEGREE-OF~FREEDOM CONTROL MOMENT GYRO

The components of the vectors are related by:

Xg Xb
Vo | = C | ¥y
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where the transformation matrix C is

and

where
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1 0 0 —W

C = 0 sin © ~-cos B
0 cos © sin ©
L

The total angular momentum about the origin is

H,=H +1H (11)

o= I(R, + W)

=JW,+0 +9 +W

Hg (—G —g b —r)

w = angular velocity of body frame with respect to (w.r.t.)
reference frame

o= angular velocity of reference frame w.r.t inertial space

@, = angular velocity of gyro frame w.r.t gimbal frame

@g = angular velocity of gimbal frame w.r.t body frame
I = inertia dyadic of vehicle = ‘Ix‘ + ‘Iy‘ + ‘Iz‘
J = inertia dyadic of rotor = IA l + IA | + lG |

X y z




where

0 2 2 0 2 2
A = AX = Ay = mly (m) + z (m)] dm = m|x (m) + 2z (m)| dm
0 0
"o 2 2
G = GZ = m [% (m) + vy (m)| dm
0
and m = mass of rotor
m = generic particle of mass

x(m), y(m), z(m) coordinates of generic particle,.

Equation (11) can be rewritten as

HT = (I + J)(s:‘fb + Lvr) + J(,@G + @g)

and since, in practice, I ->J,

Hoo= (g, + ©) + I, + g)g) . (12)

The equation of motion is derived by setting the torque acting on the
vehicle equal to the derivative of Equation (12):

ad? {;(Qb W)+ Iy, + 'L‘Ug):} =1 (13)

Equation (13) can be rewritten, after considerable manipulation, as
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[IX p+ (q - wo) r(Iz - Iy)] Xy + [Iy q + pr(IX - Iz)] Iy +
&2 r + p(q - ug)(ly - IX;} 2y + [AG + GQ(q sin © - r cos O - w sin 9{]_§b +

[Gﬁ cos B - GQ(é + p) sin 6 + AB %} i +

-b

[Gé sin 8 + GO(H + p) cos 6 - Aé(q - wo{] z =T (14)

where Xy, yp, and z, are unit vectors and p, q, r are the components of the
angular rate 4 and

W = magnitude of the angular rate with respect to inertial space
w = -
(@ =-oy) .
Also
Q is defined by w, = (z and

0 is defined by w
Figure 11.

Qgg, for the coordinate system as shown in
A detailed derivation of Equation (14) is given in Reference 17.

Four Single-Degree-of-Freedom Gyros. A power gyro can exert torque
only about its sensitive axis. If, during the course of a maneuver, a situation
arises where all the gyros of a multiple-gyro system precess sufficiently so that
all their output axes end up in the same plane, the system can no longer provide
any control torque about axes parallel to this plane. This situation is known
as "bindup'", and for a control system employing one single-degree-of-freedom
gyro per principal axis it has been shown (Reference 16) that bindup will occur
when the momentum level reaches 0.4 H along any control axis (where all gyros
are assumed identical, each with a momentum H). For a three-gyro system, the
capacity of the system is V61l (Reference 16), but the bindup considerations
dictate that the actual limiting momentum is 0.4 H. This waste of momentum be-
comes necessary in order to maintain control about all axes.

» By employing a control system with four gyros, bindup conditions at
momenitum levels below the system's capability are avoided. In addition, a higher
momentum capability is achieved, as well as added reliability due to redundancy.

i
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The additional weight and power that the fourth gyro demands is included in the
evaluation,

The equations c¢f motion for the four-gyro system are complex, and the
complete derivation will not be presented here. An excellent derivation can be

found in Appendix 1 of Reference 16. Only the pertinent assumptions and results
are discussed.

Consider a four-CMG configuration as shown in Figure 12, with the
following description:

(1) Gimbal axis "a' ligs in the first quadrant of the
y,2 plane and is o from the y axis

(2) Gimbal axis "b" ligs in the second quadrant of the
y,z plane and is o from the -y axis

(3) Gimbal axis "ec" li%s in the fourth quadrant of the
X,z plane and is o from the x axis.

(4) Gimbal axis 'd" li%s in the third quadrant of the
x,z plane and is « from the -x axis.

0
For this configuration, equal gains about the cardinal occur when a = 54.7".

-

AZ

FIGURE 12. TFOUR-GYRO SYSTEM ORIENTATION
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Beginning with the gimbal torque equations with respect to the a, b,
¢, and d axes, and making the following simplifying assumptions

(1) Reaction torques are small compared to the control
torques and may be neglected

(2) Gimbal inertia terms are considered as a part of
the vehicle inertia

(3) Gimbal acceleration terms are neglected

(4) Vehicle accelerations are small relative to the
gimbal motions,

the system equations can be written, after considerable manipulation, as

2 ~ 1 I - ]

I, 8" 6, By; By, Byg| [HSO, +Ke T

1 s? o +—=— | B B HSO + KO | = | T

y y IS +D 21 22 723 y y y (15)
2

1,878 By, By, Bgg | [HSO, + KO T,

In the equation above,

ei = vehicle angle with respect to inertial space

S = Laplace operator

H = gyro momentum

IG = gyro inertia about the gimbal axis (gimbal inertia)

D = gimbal damping

K = combined gain of sensor and torque-motor (lb-ft/rad)
Ti = torques on vehicle axes,

, 2 A 2
B11 = 8in a + sin' b + (sin o cos ¢) + (sin a cos d)2

B12 = =-gin o (sin a cos a + sin b cos b + sin ¢ cos ¢ + sin d cos d)
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B13 = ~cos o (~sin a cos a + sin.b cos b - sin o (coszc - coszd))
B =B
21 12

. 2
B,, = (sin a cos a)” + (sin a cos b)2 + sinzc + sinzd

. 2 2
B23 = -cos & [sin o (cos"a - cos"b) + sin ¢ cos ¢ - sin d cos d]

B31 = P13
B3z 7 By
2
B33 = (cos a)z(cosza + coszb + cos ¢ + coszd)_

where a, b, ¢, and d are the gimbal displacement angles from the zero momentum
configuration. The above terms depend entirely on the gyro angles, and these
angles determine the transfer function between input and output. The off-diagonal
terms represent the cross-coupling characteristics of the system. Note that when
gimbal angles all equal zero the system is decoupled, and all off-diagonal terms
vanish.

Weight and Power, For the CMG, power requirements are two-fold: power
is needed at the drive motor to overcome bearing and windage losses, and power is
needed at the torquers to move the gimbals during maneuvers.

The power to overcome losses must be supplied by the drive motor. The
same motor is used to spin the gyro up to its operational speed. To overcome the

need for large drive motors, long spin-up time is necessary.

The power required per torquer is

It

where T motor torque

@.
i

angular rate desired.

51




This can be written:

P=T_ 6= (I6+ uH cos 0) e (16)

I

where H = momentum about the spin axis

it

® = spin velocity.
Equation (16) is derived by writing the equation of motion for a gimbal, assuming
the output axis parallel to the vehicle x~-axis:

TM - D6 - wXH cos O - wa gin 6 == IG (17)

Assuming small damping and no angular velocity normal to the output
axis, (17) reduces to

TM = 16 + wH cos 6

which appears in Equation (16) (Reference 18).

For the four-gyro configuration, in the uncoupled states and assuming
identical gyros, the power limit is four times that of Equation (16). In actual
practice, required power is less, since one gyro acts on more than one axis at a
time.

Figure 13 shows a power versus momentum curve for a four-gyro
controller. Only spin power is shown, so the plot should be interpreted as
continuous power required.

Figure l4 shows a weight versus momentum curve for the four-gyro
controller. To this should be added the weight of the computers and electronics
associated with the system. Of course, graphs such as these are constructed on
the basis of common-practice materials, bearings, etc. Specialized applications
may require individual calculation.

Momentum Requirements. To determine the momentum requirements, consider
Hi to be the minimum angular momentum necessary for performing the prescribed
maneuvers, and Hy to be the minimum angular momentum necessary to overcome the
worst case of meteorite impact, solar pressure, or midcourse engine misalignment.

Given a maneuver which requires traversing a given angle 9, in a
specified time At, the torque necessary is

T = 401 (18)
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where I = moment of inertia about the axis of rotation.
Now, consider that this torque will be supplied by a gyroscope,

capable of a velocity of precession wp. For a successful operation

wp 2 'Z—g (19)

otherwise the maneuver cannot be performed. Assuming that relation (19) holds
true, from simple gyro theory

T = lep
or
H, = 421 (20)
AtTw :

and this will be the minimum momentum required to perform the maneuver. This
momentum is supplied by a four-gyro system, and to avoid the possibility of gyro
bindup, the system must be designed so that for each individual gyro

2
Hgyro 3 Hl

Now, given the W mentioned above, the other torquing requirements
are examined, p

From meteorite impact, solar pressure, and midcourse engine misalign-
ment, the worst case is picked, and this torque is called Tmax' From this

max 2 p
or
Tmax
= . 21
H, o (21)

The momentum required, H for the particular mission, is then

3’
H., = Max (Hl’ HZ)
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This is the maximum momentum per axis. Since, for a four-gyro system, the total
momentum available per axis is three times the momentum of an individual gyro,
the final sizing can now take place.

1
Heinal 7 3 Hy per gyro

Reliability Considerations. The electrical parts reliability, minus
the computer, for a four-%yro attitude control system, was calculated in 1965
(Reference 16) as 9 x 107° failures/hour, per gyro. The governing figure in
reliability analysis in a gyro package is the gyro hardware. Table VIII gives
a detailed breakdown, circa 1965, and a figure of 59.26 x 107° failure/hour
per gyro is arrived at,

Today, advances in electronic components and packaging may be assumed
to cut the failure rate of the electronics to, roughly, 3 x 107° failures/hour.
Likewise, gyro hardware failure rates can be assumed (References 16) to have
decreased to about 40 x 1070 failures/hour. This yields a reliability figure
of 43 x 1076 failures/hour per gyro channel, and this figure will be used in the
calculations.

Since a four-gyro system is employed, it is also assumed that if three
of the four gyros survive the mission, the system performance, though degraded,
will still be considered satisfactory. Under this assumption, the probability
that at least three of four channels will survive is given by:

x=n . _
PS = P(s,n) = % ;72?;j;37 P (1-—p)n x (22)
wes X !

where s = number of survisors (=3)
n = total number of elements (=4)
p = probability of survival of a single element.

The probability of failure for this case is
PF =1 - PS.

If an actual numerical calculation is attempted, it immediately be-
comes apparent that the attitude control system cannot be left on continuously
for a long mission. In the case of a Jupiter flyby, leaving the system on for
400 days will result in a reliability of about 30%, clearly an unacceptable figure.
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TABLE VIII. FAILURE RATES FOR GYRO PARTS

(From Reference 16)

Part Failure/Hour
1 -6
. Rotor 5.00 x 10
2. End ball bearings (2) 7.00
3. Stator (including windings) 5.00
4, 1 piece (spin) shaft ————
5. Gimbal ———
6. Balance weights (adjustable) ——--
7. Gimbal bearings (2) at 0.875 1.75
8. Torquer coil assembly 0.30
9. Torquer coil assembly frame -
10. TFlex lead cap assembly “———
11. TFlex leads 4.00
12, Limit switch assembly (mag. read) 2.00
13. Magnet return path ——-
14, Outer casing ————
15. Gimbal bearing support - sensor end -
16. Gimbal bearing support - torquer end -—--
17. Permanent magnet -
18. Reduction gear 2.0
19. Slip ring bearing support -—--
20. Slip ring bearings (2) 3.0
21. Gimbal lock solenoid 2.0
22, Servo motor 5.20
23. Electrical header 2.0
24, End caps (2) ———-
25. Pickoff - sensor stator 1.0
26, Pickoff - sensor rotor 1.0
27. Assorted nuts 2.0
28. Slip rings 10.0
29. Slip ring brushes 6.0
TOTAL 59.25 x 10 6
Note: From G.E. Memo 62-45-501
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The system must, therefore, be turned off when it is not needed. This will
create tradeoff conditions due to reliability degradation by switching. This
tradeoff is examined elsewhere in this report.

It must also be kept in mind that at least two hours of warmup.time
will be necessary after the system is turned on and before it is operated in
order to bring the previously stationary gyros up to operating speed (in the
case examined here, 24,000 RPM). This will have an effect on the total
reliability figure, as well as the total energy required. Assuming that no more
power is required to spin the gyro up than to keep it spinning, no power increase
will be necessary.

Implementation. In implementing the above in the computer program,
the system sizing is done in much the same way as for the gas reaction jets
(Reference 1). There are two main torque requirements: first, torque required
to perform the maneuvers called for in the schedule; and second, torque required
to overcome disturbances due to solar pressure, meteorite impact, and midcourse
engine misalignment. Each of the two requirements is sized independently and a
value of angular momentum required is obtained for each. The greater value is
then retained as the minimum momentum required for successful completion of the
schedule.

Since the torque generated by the CMG system is directly proportional
to the angular velocity of precession of the gyro, care must be exercised so
that the angular velocity picked is not too great. If the spacecraft is allowed
to rotate exceedingly fast, there exists the danger of the sensors being unable
to acquire a star when such an acquisition is called for.

To combat the arbitrary selection of overly large values for the angular
velocity of precession, a new subroutine has been written and has been incorporated
into the system. This new subroutine, STDET, checks whether, for a particular
angular velocity of the spacecraft, the probability of detecting a star is
sufficiently high as to warrant the use of that particular value of angular
velocity. The subroutine allows the use of either rectangular line-scanned
detectors, or circular, circularly scanned detectors. The equations for the
probability of detection while employing either of the two configurations have
already been presented in Reference 1. The routine also requires as input a
minimum probability of detection which would be acceptable to the user. In the
examples cited in this report, this probability is set at 0.99. With the use of
STDET, the attitude control subroutine is allowed to employ reasonably high
velocities of precession for the CMG gyros without jeopardizing the process of
star detection and acquisition. ’

Ten exercise runs were made using the new CMG attitude control sub-
routine on a Jupiter flyby mission and the results are summarized in Table IX.
Detailed program output is shown in a later section of this report. It is evident
that the dimensions and scanning frequency of the star tracker are of great
importance in sizing the system. The values shown are arbitrary and there exists
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a very definite need for accurate data. In the cases shown, it is evident that
the CMG attitude control system will weigh slightly more than the gas reaction
jet system (Reference 1); however, the difference is not so great as to be
prohibitive. In the cases marked as ''best" in Table I¥, the total penalty is
only about 4 pounds more than in the gas reaction jet case. When the
dimensions and scanning frequency of the star tracker are such that the star :
detection probability constraint comes into play, the total penalty becomes
approximately 16 pounds more than the previous value. Although sizable, such
a difference still cannot be considered prohibitive.

Reaction Wheel Attitude Control. The reaction wheel system is a mass
conservative system exerting control on the spacecraft by changing the space-
craft's momentum vector. Whereas a control moment gyro system changes the
momentum vectors by tilting the spin axes of the gyros, a reaction wheel system
has its rotating masses permanently aligned with respect to the spacecraft.

Since the momentum vector cannot, in this way, be changed by moving the
individual gyro momentum vectors, the change is effected by altering the magnitudes.

Thus, the control moment gyro system is basically momentum conserva-
tive, whereas the reaction wheel system is not. There are both advantages and
disadvantages to this latter type of system when it is compared to the control
moment gyro. Perhaps the main advantage is a lack of drift, an important source
of error in a CMG system. In addition, there are fewer bearings, since there
are no gimbals, which increases the reliability.

On the other hand, the reaction wheel requires a large motor in order
for commanded momentum changes to occur within reasonable times. This places a
more severe requirement on power and energy, even considering the possibility of
employing regenerative braking which is a common practice in such a system.

Some reaction wheel attitude control systems employ two sets of reaction
wheels, one for coarse and one for fine control. This may improve the power re-
quirements, but it adversely affects the reliability. Only a single set of
reaction wheels is considered in this analysis.

Single Reaction Wheel Analysis. The motor in a reaction wheel attitude
control system exerts a control torque on the vehicle and an equal and opposite
torque on the wheel. The torque axis is fixed with respect to the vehicle.
Therefore, for complete attitude control, three such wheels with mutually perpen-
dicular spin axes are needed. Normally, the spin axis of each wheel would be
parallel to a principal axis of the vehicle to reduce the coupling, evident in
Equation (23) (Euler's equation for the motion of a rigid body).
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where T = sum of control and disturbance torques
Iii = mass moment of inertia of vehicle along principal axes
w, = vehicle angular velocity
X, ¥, 2 = unit vectors.
For a single reaction wheel, with spin axis parallel to the vehicle X axis, the
equation becomes
T =T +1 8}+<I e (24)
control D XX X zZZ yy/ y z

where Tp is disturbance torque and the assumption is made that the moments of
inertia of the vehicle approximate those of the system (Reference 18).

For attitude changes in interplanetary space, the control torque re-
quired for a reasonable response time is normally much greater than the disturbance
torque, a possible exception being the disturbance torque resulting from misalign-
ment of the main engine thrust vector. Under these conditions, Equation (24) be-
comes, for the case of commanded reorientation

8)+<Izz—1\w w . (25)

== I ;
control XX X vy Yy Z

Power required (less motor, bearing, and windage losses) is (Reference 18)

_ -1 (B-0) 26
P= Tcontrol a IR \Q wx/ Q (26)
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Il

where angular velocity of the wheel relative to the vehicle

I

I

g - mass moment of inertia of wheel about its spin axis.

Optimization of any mass conservative attitude control system consists
of arriving at the proper blend of the following objectives while meeting cost
and reliability specifications:

(1) Maximum control torque

(2) Maximum angular impulse capacity
(3) Minimum power and energy

(4) Minimum weight

(5) Minimum space requirements.

With respect to a reaction wheel, the following points apply: (a) objec-
tive (4) and the need for large wheel moment of inertia dictate a wheel with its
mass concentrated in the rim; and (b) objectives (3) and (4) are in direct conflict.
For a given control torque decreasing IR necessitates a higher wheel angular
acceleration with resulting increase in power and energy (Reference 18).

Three Axis Reaction Wheel Control. 1In order to determine the effect
on inertia wheel control of such phenomena as gyroscopic cross coupling and
vehicle control to a rotating reference, the three axis equations of motion were
derived., The exact derivation is given in Reference 16. The equations presented
below are subject to the following constraints: first, the inertia wheel spin axes
lie along the principal axes of the vehicle; second, the reference coordinates are
either inertially fixed or represent vehicle orientation to the local vertical;
third, vehicle attitude deviation from the reference axis is small; fourth, wheel
inertia is much less than the principal inertias of the vehicle; fifth, the motion
of the vehicle about its center of mass has negligible effect on the motion of the
center of mass; and sixth, the products of the Euler angles and their rates are
negligible.

Under these assumptions, consider the vehicle and reference coordinates
to be those shown in Figure 15

i

principal axes of vehicle (spin axes of wheels
are along these axes)

where X, Y, Z
u, v, W = reference axes

5, 6, 0 = angles defining the orientation of the vehicle
with respect to reference axes.
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FIGURE 15. REACTION WHEEL COORDINATE SYSTEMS

The generalized equation of motion (rigid body) is

where T = external torque vector (vehicle coordinates)
ﬁs = system momentum vector (vehicle coordinates)
Wy = angular velocity of vehicle coordinate system with

respect to inertial space.

This equation may be written in matrix form, under the additional assumption

(27)

that the vehicle is being controlled to an inertial reference (i.e., the angular

velocity of the reference frame with respect to inertial space is zero) as

— . — - e
I 52 IwsS -1 wSs S w
XX Wz wy X X
-I wS§ I 82 I wSs S + 135S W
w X yy w X y W y
I S -I ws I 32 8 w
wy w X ZZ z z

- - e e - -

TDx

TDy

T
Dz

(28)

63




where Iw = Reaction wheel moment of inertia

Iii = Principal moments of inertia of the vehicle, i = x,y,z
wi = Angular velocities of inertia wheels with respect to
inertial plane
TD = Components of the external disturbance torque vector
i
d
S = =—
dt

Assuming that the initial wheel angular velocity is low and does not
change appreciably during vehicle motions, then the cross product terms in the
position coefficient matrix are near zero, and vehicle motion as described in
the single axis case is valid for three axis control. If the above assumption
does not hold, which is usually the case, wheel speed build up due to disturbing
torques will create a cross coupling torque if there is a vehicle angular rate.
The effect of cross coupling is that the vehicle rate in one axis will introduce
torques about the other two axes, the result being that inertia wheels in all
three axes will be more active than in the single axis case and will respond to
inputs about any axis. Such cross coupling conditions are highly deterimental to
the efficiency of the total system. Unlike the case of the control moment gyro
attitude control system however, cross coupling effects in a reaction wheel system
do not seem to affect the stability of that system (Reference 17). Implementation
of the above theory into the existing computation scheme involved the following
assumptions:

(1) The inertia wheels are located on the principal axes
of the vehicle.

(2) Only one set of wheels is used (there is no separate
fine and coarse control).

(3) The drive motors are A-C servomotors. These motors are
much superior in their speed-torque characteristics to
the D-C shunt motors at the momentum levels used in the
Jupiter flyby mission (H < 10 1b-ft-sec).

Since momentum changes are effected by speeding up or slowing down the
motors, rather than by reorienting the momentum vectors, it is often necessary to
allow longer maneuver times, so that the size of the motors does not become
excessive. Although it was not necessary to alter the schedule in the Jupiter
flyby mission, it may be necessary to do so in other cases.

The weight of the IWAC was computed from the curves given in Reference 16.

It is assumed that the nominal spin rate of the wheels is 6000 RPM, and that
maxXimum torque is not required from the motors more than 5 percent of the time.

In computing the power required, an averaging technique was employed,
where peak power was utilized 5 percent of the time, and, during the remaining
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95 percent of the time, power to overcome friction losses was used. Under the
additional stipulation that the motor stall torque required for maneuvering was
40 percent of the rated torque, and the stall torque required to overcome
disturbances was 20 percent of the rated torque (since longer times are then
available), the power requirements are (Reference 16):

Pl (watts/axis) = (0.0118) x (Stall Torque) x (Rated RPM) .

By employing regenerative braking, the power requirement for all three axes is
reduced to

PTOT =1.18 . P1 .

Finally, reliability must be examined. The number of failures per hour for a
single-axis IWAC is 19.6 x 10~6 (MTBF = 51,000 hours), circa 1965 (Reference 16).
Since there is no redundancy employed in the system, the probability of failure
is simply

Total Hours 3

PF = 1.0 - <}.O - MTBF P

Implementation of the above calculations in the computer program has
been accomplished. Several exercise runs have been made on a Jupiter flyby
mission, and the results are presented following the Communications Requirements
section later in this report.

Flight Control Requirements

In the discussion in this section, the flight control system is assumed
to include a number of state sensors, a central computer, and the actuators neces-
sary to carry out the computer's commands.

In investigating the impact of flight control requirements on astrionics
effectiveness, it was found that a detailed analysis in general terms is almost
impossible. There are simply too many components directly dependent on the
specific vehicle's structural and dynamic characteristics.

In examining the impact of flight control requirements on astrionics
effectiveness two approaches are available:

(a) The flight control components, their functions, and
their location on the launch vehicle are assumed known
and a method is sought to calculate their impact on
mission effectiveness.,

(b) The mission launch information and launch vehicle are
assumed known and a method is sought to determine the
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components necessary for flight control, their function,
location on the launch vehicle, and impact on the mission
effectiveness.

The first method must include calculation of the additional memory and
speed requirements imposed on the on-board computer in order to monitor and
direct the functions of the flight control components, and calculation of the
effect that the power, weight, and reliability of the flight control system will
have on the penalty. :

The second method must include all calculations of the first method
plus design calculations considering vehicle bending, variable mass and moments
of inertia of the launch vehicle, propellant sloshing on vehicles using liquid
propulsion, aerodynamic instability, and influence of wind. Variable vehicle
loading due to varying payload shapes and weights must also be considered.

An analysis incorporating the second method would require an effort
in excess of one man-year and as such was considered outside the scope of this
contract. The analytical task is extremely complex and, in practice, is usually
attempted only for a particular mission or launch vehicle with no general solutions
being developed. The first method, although more limited in terms of scope of
application can still be quite useful and is adaptable to computer solution.
Implementation of the first method would be applicable principally in the examin~-
ation of tradeoffs between several candidate flight control systems. Since this
agrees with the purpose of the general effort under this contract, it was
decided to implement this method and include it in the computer program.

The flight control system contains the following components:
(1) Computer - usually shared with a guidance system.

(2) Gyros - rate and position.

(3) Accelerometers - lateral.

(4) Angle of attack sensor.

(5) ©Passive filters

(6) Electromechanical or hydraulic actuators

(7) Wiring

One or more of these components may be missing or replaced by multi-function
components for any given system.

For penalty function considerations, power will be required by the
computer, gyros, accelerometer, angle of attack sensor, and actuators. Weight
will be contributed by all except the actuators which are considered to be included
in the total weight of the vehicle. If, however, any of the components are
located outside the spacecraft, their weight should not enter into the penalty
calculation. Reliability figures must be supplied for all except the passive
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filters and wiring. These are considered redundant and have a probability of
failure so much smaller than the remainder of the components that they can be
ignored. Although, in practice, it may not be generally true, failure of any of
the above components is assumed to render the entire system useless, so each
component carries the same weight in reliability calculations.

In addition to the effects of weight, power, and reliability data neces-
sary for each of the components, the penalty function may also be affected by
utilizing a computer of inadequate size or speed. The necessary size (i.e.,
memory word capacity) and speed are functions of the trajectory flown, the launch
vehicle characteristics, the mechanization of the equations to be solved by the
computer, and the number of flight control components utilized. Since the same
computer can be utilized for navigation and guidance as well as flight control,
the requirements for both must be considered. 1In general, the operations to be
performed by the on-board computer will include: (Reference 20)

(a) Prelauynch checkout and initialization

(b) Computafion of direction cosines

(¢) Coordinate transformation and navigation computations
(d) Euler angle and rate computations

(e) Processing of discretes from the ground tracking
network

(£f) Output telemetry discretes
(g) Solution of guidance steering laws

(h) Solution of thrust vector and reaction jet control
laws.

Additional requirements, such as on-board experiment monitoring may be required
for a particular mission. Each of the operations above would affect computer
memory and timing requirements. These requirements will determine the memory
capacity and operations-per-second capability that the on-board computer must
possess.

Computer Sizing Considerations. For the purpose of analysis of the
computer sizing implications, it is assumed that the principal guidance function
computations which must be performed by the computer include:

(1) Navigation - defined as determination of the vehicle
state in an appropriate coordinate system at any
moment of time based upon sensor inputs and the
appropriate navigation equations.
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(2) Guidance - defined as the solution of a selected set
of equations expressing the relation between the
present state and the desired state to derive the
error signal required for control (steering law).

(3) Control (steering) - computation of the steering
signals which are used in control of the direction
of the vehicle flight path through commanded changes
in the vehicle's attitude so that the guidance function
is satisfied. Control also involves stabilization and
usually requires filtering and compensation of sensor
inputs.

Additional computations, which are related to the guidance function but are not
directly implied if only flight control is considered, were listed in the
preceeding section. These requirements are not directly related to the flight
control aspect of the problem but do affect the selection of the onboard computer.

The equations which the onboard computer must solve should be
specified, or else the number of operations which the computer must perform each
computational cycle should be specified, along with the number of words of memory
required. The number of operations the computer must perform each computation
cycle, as well as the number of words of memory required, is a function of the
number of propulsion stages.

For example, if a specific set of guidance equations such as the
explicit linear tangent guidance equations (Reference 21) were assumed, an
estimate of the total number of operations which the computer must perform each
computational cycle could be made. Table X summarizes the estimate for the
explicit linear tangent guidance equations. Note that the number of operations
is dependent upon the number of prooulsion staeces.

TABLE X, TOTAL OPERATION COUNT FOR EXPLICIT LINEAR TANGENT
GUIDANCE EQUATIONS (Reference 21)

Word Maximum Minimum
Operation Symbol Storage Use” Use
Sine, Cosine Sin 5 4 3
Square root v 16 39 11
Dot Product D.P. 21 20 18
Cross Product C.P. 8 8 7
Natural Logarithm LOG_1 2 18 6
Arc Sine or Cosine Sin 1 1 0
Multiply or Divide X 245 nan 265
Plus or Minus + 174 365 195
Branches 33 ' 69 35

* Assuming three guided stages remaining. For more or less than

three, add or substract the following for each stage: 90+, 9 and
68 6 Log.




For each candidate computer, it will be necessary to specify the
computational frequency, the time associated with each of the arithmetical opera-
tions listed in Table X, and the number of words in memory.

It must be emphasized that the adequacy of the candidate computers
will be dependent upon the validity of the information describing the equations
and their solution requirements. For example, alternate sets of boost guidance

equations such as those discussed in Reference 22 could be considered. Mechanization

of each set of equations places different requirements on the onboard computer.
Since the guidance equations are only part of the guidance loop, consideration
should be given to the other computational requirements and their compatibility
with the candidate guidance equations before selecting a specific set and a
computer which can satisfy all computational requirements.

The present work assumes the Kalman filter used in the state estimation
is implemented but does not consider where this implementation is performed, i.e.,
in a ground-based or onboard computer. A complete study of the implications of
the navigation equations including a Kalman filter approximation is beyond the
scope of the present contract.

Implementation. In implementing the model for flight control appearing
earlier in this report a new subroutine has been generated.

Subroutine FLCODE determines the contribution of the flight control
system to the penalty. A system vector of seven components must be provided. The
components are the computer, three rate gyros, one position gyro, one lateral ac-
celerometer, and one angle of attack sensor. One or more of the above components
may be missing for any particular case.

In the case of extremely flexible launch vehicles, such as the Atlas/
Centaur where more than one set of rate gyros is carried, the subroutine may be
called repeatedly, after separation of each stage. It is thus possible to analyze
a changing flight control system, as would be the case of the Atlas/Centaur.

The computer, specified as the first component of the flight control
system vector, is checked against the prespecified core and speed requirements.
Depending on the result a check-constant is set to zero, if everything is
acceptable, to one if insufficient core is available, and to two if the speed is
not adequate. The system optimization routine (SYSOPT) is utilized, if the check-
constant is not zero, to select an acceptable computer.

Components 1 through 6 of the system vector are integers referring to
the number in the appropriate data bank, which is already built into the existing
program. Component 7 is an integer referring to the component number in a data
bank built into subroutine FLCODE. Also built in as data are such constants as
wiring and filter weight, and actuator power requirements and reliability.

Subroutine FLCODE calculation are not included in the results shown
in this report. Inclusion of FLCODE can be easily accomplished when sufficient
data is available.
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Effects of Subsystem Switching

The switching on and off of astrionics subsystems can increase the
number of failures over those expected from the total operating time. This
effect might be represented by estimating the probability of successful operation
after time t and n cycles for a single subsystem as

g = e-‘t/Te-n/N o (29)

where T is the mean time between failures and N is the mean number of cycles be-
tween failures. The probability of failure due to lack of reliability and
switching is given by

o L4 L -(t/T + n/W)
- 1 PS 1 e .

+d
1

(30)

For multiple subsystems

-(t,/T, + n /N)
1 1 1 i

jav)
il
!—l

m
- T e (31)

i=1

where the index i indicates each subsystem.

In addition to the reliability effects, operational problems must be
considered. For example, restarting the ISU necessitates restarting the gyro-
scopes, and realigning the gimbals in gimballed systems or resetting the direction
cosines in strapdown systems. Restarting the computer requires reinitializing the
memory or assuring that the memory is not destroyed when power is turned off and
on.

As cited in Reference 23, a correlation is thought to exist between the
number of times that systems are cycled on and off during individual test periods
and the number of failures observed. The problem is that the data acquired are
often not originated with this sort of experiment in mind, and the lack of any
concrete result does not necessarily prove that the turn-on stress is negligible.
The majority of tests are characterized by rather frequent on-off cycles and
fairly short continuous periods of operation. The estimates of the operating
failure rates provided by manufacturers reflects to some extent any on-off cycle
stress factor which might exist (Reference 23).

The capability has been provided in the computer programs to evaluate
the effects of switching subsystems on and off. This capability can be used to
evaluate feasible switching mechanizations, but experimental verification should
follow the evaluation with the objectives of: (1) validating the data used and
{2) possible development of analytical techniques for estimating system or
component failure as a function of the number of on-off switching cycles.
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A new counter has been provided to keep track of the number of switchings
for each subystem as the schedule is executed. The only other necessary infor-
mation is the mean number of cycles to failure for each subsystem.

Very little information is available as to the mean number of cylces
to failure. 1In exercising the program, the mean number of cycles to failure has
been assumed to be 500 for all components. Better data is needed for this item.

The probability of failure due to switching has been programmed as a
simple exponential. A Weibull distribution could be used to include the effect
of increased probability of failure per cycle as the system accumulates more’
cycling history. Such a model would require an additional parameter, the Weibull
constant for switching, as was discussed for time dependent failures in Reference 4.
If a Weibull distribution is adopted, it must be kept in mind that the data needed
refer to the status of the components at the start of the mission. That is, the
subsystem have already been degraded by switching during testing, and, therefore,
the accumulated number of previous on-off cycles should be specified as well as
the mean cycles to failure and Weibull constant.

Example runs employing the subsystem switching effects on the system

reliability are shown following the Communications Requirements section of this
report.

Communications Requirements

According to Reference 24, the effective radiated power (ERP) required
to maintain a given information rate H in bits/sec is given by

r = [ o [£]

where R = the range
A = the effective area of the Earth based antenna
K = Boltzmann's constant
T = the system noise temperature
% = the ratio of energy-per-bit to noise spectral density

0 required to meet an acceptable error probability.

The ERP is the product of the power output of the transmitter P and the gain of
the antenna G, i.e.,

ERP = PG o
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Thus, given either P or G, the unknown parameter is uniquely determined by the
ERP required to transmit information at a given rate.

The communications subsystem weight is then estimated from P and G.
The transmitter weight, W, , required to achieve a given radiated power P is
given, as shown in Reference 24, by

W =W, + wPp
p 1 P

where W, is a fixed weight, and w_ (pounds per watt) is the incremental weight
of the transmitter associated witg an increase in power output.

To reflect completely the increase in system weight due to transmitter
output power, energy source weight change must be included. Thus an overall
weight coefficient, wé, can be found from

w'=w 4+ (K +KT )/
P P p e op L
where KP = the energy source weight per unit power
Ke = the energy source weight per unit energy
) = the transmitter efficiency, and
Top = the transmitter operating time.

The weight of the onboard antenna is assumed (Reference 24) to be given by

where W. is a fixed constant. The total weight of the onboard communications
subsystem is

W=W +W =W +w'P+WGO'6
p a 1 p 2

If neither P or G is fixed, then both the onboard antenna and the trans-
mitter can be designed to satisfy a given constraint on the effective radiated
power and yield a minimum total subsystem weight. 1In this case, for fixed
ER? = PG, the optimum choice of P and G to minimize W is

72




0.6 W\ 5/8
P =<;*“"é§ (ERP)3/8
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The total weight of this optimum communications subsystem is given by

8

5/8 w; 3/8 (ERP)3/

W = .
min Wl + 1 9W2

The accuracy required in the pointing of the spacecraft antenna is
related to the antenna beamwidth. For a high-gain paraboloidal antenna, the
beamwidth between half-power points is approximated by

62 = = 2.7 x 10%/¢

where 6 is the beamwidth in degrees and G is the antenna gain in absolute units.
In most cases it is reasonable to require the pointing accuracy to be 1/10 of the
onboard antenna beamwidth.

To establish the onboard antenna pointing direction, knowledge of the
angle subtended by vectors from the spacecraft to the Sun and Earth is necessary
(see Figure 16).

This information is easily obtained from a time history of the spacecraft
and sun positions with respect to the Earth. Table XI lists this angle (EARTH-
SUN ANG) at discrete points in the Jupiter flyby mission. Also included in
Table XI is the range of the spacecraft as observed from the Earth and the angle
subtended by vectors from the Earth to the spacecraft and Sun (SC-SUN ANG). The
maximum range encountered during the mission is recorded and used to determine
the antenna gain and transmitter power required to transmit information at a given
rate.

Communications problems can be anticipated when the SC-SUN ANG passes
through zero. This occurs approximately 315 days into the Jupiter flyby mission
and does not interfer with critical operations in the schedules used. When
crossing the orbit of Mars on the Jupiter mission, calculations show the space-
craft is about 2,000 Mars diameters out of the Mars orbital plane. Thus, the
specific location of Mars in its orbit is of no concern, for this particular mission.
It is quite possible, however, that different trajectories may result in other
planets blocking communications between Earth and the spacecraft. Should this
occur at critical times, such as during an Earth-based update, it may become neces-
sary to choose a different trajectory to overcome this difficulty.
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SC-SUN ANG EARTH-SUN ANG

Nomenclature: SC A Spacecraft

ANG A Angle

FIGURE 16. COMMUNICATIONS GEOMETRY
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Computer Program Results

The computer runs presented in this section zre for a Jupiter flyby
mission with the data as shown in Figure 17. These runs demonstrate the effects
of (1) control moment gyro (CMG) attitude control, (2) inertia wheel attitude
control (IWAC), (3) reliability effects of switching subsystems on and off, and
(4) communications transmitter and antenna parameter estimation. The results of
including these features are summarized in Tables IX (shown in the section on
Alternate Attitude Control Schemes) and XII. The runs were made with the data
shown in Figure 17 on the mission schedules shown in Figure 18. Penalty analysis
reports for the runs used in compiling Tables IX and XII are shown in Figures 19
through 36. Figures 19 through 28 do not include the effects of subsystem switching
and communications requirements.

It is apparent that the main drawback of the reaction-wheel control is
not so much in the additional weight, which is only about 1.4 pounds more than
the control moment gyro system, but in the additional power required, which
exceeds that of the CMG by a factor of 1.6,

Whether this is a prohibitive drawback or not will depend on the rest
of the mission requirements. This total power could probably be reduced
employing separate coarse and fine IWAC systems. It is not apparent how this
would affect the reliability of the system, and it has not been modeled.

The onboard transmitter and antenna weight and power estimation discussed
in the previous section have been included in the program. The user may specify
a transmitter by giving its weight, power input, MTTF, MCTF, and power output. An
antenna is then designed to provide the necessary gain. If no transmitter is
specified the transmitter and antenna are designed to minimize the net weight
(physical weight and energy source weight) while meeting the required effective
radiated power (ERP). With the gain of the antenna known, the pointing tolerance
is calculated. This tolerance is used as a constraint on attitude control dead-
band when the transmitter is operating.

The results shown in this report are for a designed transmitter and a

hypothetical transmitter used to demonstrate the capability of specifying or
designing the onboard transmitter.
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Multiple Midcourse Strategies

Review of Candidate Schemes

In accordance with the statement of work, six reports, References 25
through 30 were reviewed as sources of possible midcourse correction policies.
An additional paper by C. G. Pfeiffer (Reference 31) was also considered. A
description of each of these papers follows:

Breakwell, Rauch, and Tung. Breakwell, Rauch, and Tung (Reference 27)
derive a correction scheme that minimizes expected fuel subject to a fixed mean-
square value of the target miss. In the absence of engine mechanization errors,
the optimal control policy is shown to be continuous. The times at which the
midcourse propulsion system is turned on or off are determined by solving the
continuous control problem using the maximum principle. If engine mechanization
errors are not neglected, the optimal control policy is shown to consist of four
or five impulsive corrections. The optimal spacing and magnitudes of these
corrections are determined by a dynamic programming analysis.

In both of the above cases, the magnitude of the corrective thrust is
proportional to the predicted deviation from the desired state at the final time.
Periodic measurements of the spacecraft's state are made throughout the mission,
and an update of the estimated miss is made at each observation time using the
best predicted estimate and the new set of measurements just received. The
observations are assumed to be made at regular intervals of time At, where At is
a relatively short interval of time in comparison to the total mission time, T.
Typically, for a 402-day mission to Mars, measurements are made as frequently as
1 per minute. The assumption enables the authors to utilize the continuous form
of the Kalman estimation procedure.

This method of determining the optimal correction strategy is compatible
with the first and third penalty modes in which a certain probability of mission
failure attributable to astrionics is acceptable and the astrionics system weight
is used as the penalty function. This procedure, however, is not completely
adaptable, because a detailed computational procedure is established only for the
special case where the rms value of one component of the state vector at the
terminal time is specified.

Stern and Potter. Stern and Potter (Reference 28) present a procedure
for determining a midcourse correction schedule which is optimal in the sense that
total velocity correction is minimized. This is accomplished by selecting the
time(s) of correction so as to maximize the miss correctible per unit of velocity
correction. The principal objection to this method is that no consideration is
given to the uncertainties of the navigational measurements. It is assumed that
a sufficient number of measurements has been made prior to the correction so that
the uncertainty in the predicted miss distance at the target is negligible.
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Battin. Battin (Reference 29) suggests a procedure for determining
appropriate times for making observations and/or velocity corrections. The
procedure assumes that a set of points in time have been selected prior to the
analysis. At each of these points, one of three alternative cources of action
is followed:

(1) A single observation is made
(2) A velocity correction is implemented
(3) No action is taken.

A measurement is made if a significant reduction in the potential miss distance
would result from the measurement and updating of information. A velocity
correction is made whenever the ratio of the uncertainty in the estimate to the
standard deviation of the required correction is less than a fixed constant.
Then an engine restart and propellant expenditure is warranted.

In the final analysis, however, the criteria for selecting times of
midcourse corrections are disregarded, and a correction schedule is specified.
Hence, this procedure is essentially a policy for determining an appropriate
measurement schedule consisting of the times at which observations are made and
the choice of the best celestial measurement to be made at this time.

Denham and Speyer. In the paper by Denham and Speyer (Reference 30),
the authors present a method of varying the times of midcourse velocity cor-
rections to minimize a function involving the terminal dispersion and a
statistical measure of the total velocity change used for control. The
procedure assumes a nominal measurement and correction program has been specified
and through successive trials and adjustments the correction program improves the
given schedule. TFor example, the program suggested by Battin (Reference 29) is
taken as the nominal, and a 10 percent improvement in the rms uncertainty of the
terminal position is realized.

Although an analytical technique for optimizing both the continuous
measurement and feedback gain programs is developed, only the means of determining
the optimal measurement sequence is demonstrated by an example.

Pfeiffer. An additional paper by C. G. Pfeiffer (Reference 31), not
included among the proposed references, was reviewed as a means of determining a
midcourse correction schedule. The objective discussed in this paper was to
develop a guidance policy that minimizes the expected value of the target error
squared, subject to the constraint that the total propellant expended in
performing the corrections is less than some prespecified amount. The analysis
is based on the assumption that a measurement policy, independent of the guidance
policy, has been prespecified. Also, a set of points along the trajectory at
which the possibility of performing a correction is to be examined must be
selected prior to the analysis. The index of performance to be minimized at any
decision time involves the sum of two terms. The first term is the expected
value of the target uncertainty immediately after the final correction which occurs
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at some prespecified time tg¢. The second term is the square of the uncorrectible
error due to the depletion of the correction capability prior to the final
correction time tf.

The determination of an optimal guidance policy based on this perfor-
mance index falls within the category of problems subject to anadlysis by
Dynamic Programming. As in all applications of the Dynamic Programming algorithm,
one is always mindful of the "Curse of Dimensionality'. It is shown in this
paper that a considerable simplification is realized if the following restrictions
are imposed upon the guidance policy:

(1) At each decision time, tj, either no correction or
total correction is to be accomplished.

(2) At each decision time, t;, at most two corrections
will be accomplished: one at the final decision time,
tf, and another at some time tj < tf.

The solution obtained by application of this method will not necessarily

yield an extreme value (max or mim) for the penalty considered. As indicated by
Pfeiffer, the effect of imposing the two constraints is not entirely known, how-
ever, these assumptions result in a greatly simplified computational algorithm.

The validity of the constrained Dynamic Programming Algorithm outlined
above is independent of the particular performance index chosen. Given an
arbitrary performance measure, the same procedure can be used to obtain a
correction schedule if the '"two-correction' and "total-correction'" constraints
are imposed upon the guidance policy. Therefore, the penalty function used to
evaluate the guidance system, i.e., astrionics system weight or probability of
failure can be considered as a measure of performance for the midcourse correction
policy. The algorithm can then be used to obtain the correction policy based on
the revised penalty. oL -

Minimization of Expected Target Miss

Midcourse correction AV may be determined from the computed deviations
of position and velocity prior to the midcourse and the state transition matrix
mapping errors at midcourse to errors at the target (Reference 4). The vectors
and matrices of interest are defimed in Table XIII.

Two types of target miss requirements have been studied. They are:
(1) Zero all position deviations at the target. -

(2) Zero one position or velocity component deviation
at the target.

When making a midcourse correction, three variables may be specified (three
components of AV). Thus, up to three conditions may be satisfied at the target.

Zeroing all position deviations specifies three conditions.
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TABLE XIII. MIDCOURSE CORRECTION DEFINITIONS

Symbol

Definition

[z]

R
(2]

dc

[Ped]

The 6 by 6 state transition matrix from midcourse to
target :

The

6 element error, deviation, and computed deviation

vectors”

The

The

The

The

state of the vector x prior to midcourse correction
state of the vector x after midcourse correction
state of the vector x at the target

3 element position error vector subset of any 6

element vector X,

The

The

The

The

The

The

3 element velocity subset of X,

midcourse correction vector

f . . T %%
deviation covariance matrix E[Qm dn ]

error covariance matrix EEﬁnpng]
computed deviation covariance matrix E[gcm_gcuﬁﬂ

error, deviation covariance matrix E[gm QmT]

Sece Reference 4 for definition of these vectorse

*% E denotes expected value.
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In another case, however, zeroing any one component at the target
specifies only one condition. In other words, there are an infinite number of
possible corrections which will zero one component of the deviation at the target.
In this case, it is desirable to make the correction that uses the least fuel
(minimum magnitude of AV).

In either case, midcourse correction is computed by

&v=[p]d = [Dlle +4d ]

where D is a 3 x 6 correction matrix obtained from the state transition matrix
from the point of the correction to the target. The subscript m denotes vectors
prior to the midcourse., If all three computed position deviations are to be
zeroed at the target, then

= -[% ] 1@
D] = -[2 17 ()

where the 3 by 6 matrix [?,] and the 3 by 3 matrix [@pV] are partitions of the
state transition matrix [2] defined as follows

3 | e '3
(2] =|-P|=|-PR|-FY

? ? 1@
v val vv

If only one component of the computed position or velocity deviation is to be
nulled at the target, for example, (d.t)i, then the minimum magnitude AV is
determined by the matrix

r T
208

[D] =|-

T
(91v in?

. , .th
where ¢, is the 6 element vector whose transpose is equivalent to the i row of
the state transition matrix ¢ and Q. is the 3 element velocity subset of Q; -

In the preceding argument, the matrix [D] is chosen so as to null
either one or all computed deviations in position at the target. Since the
deviation is actually a random vector, it would be meaningful to base the
selection of [D] on some statistical property of the target deviation.

Consider first the case where the trace of the covariance matrix of
deviations in target position is to be minimized. The 3 element vector of
deviations in position at the target can be written as .

dep, = (8,04 + [Blle +d ] 110



where [B] is the 3 by 6 matrix defined by

(8]l =[&_ 1p°] .
pv

[p'] is a statistically determined correction matrix, such that

e = 4
Av = [D ]Qcm

Let [@P] and [B] be partitioned into sets of column vectors as follows:

T T 7
2 by
e T T
[@P] =le,” | [B] b,
T T .
23 b, ’

The 3 by 3 covariance matrix of position deviations at the target, i.e.,

= T,
[c]l = E[gtp dp ]

may be expressed by

A - T T, T,
[c..ij 04 [Pd]gj +b. [Pdc]hj +b [P, + Pedjgj

T,
+ gj [Pd + Ped]gi . (32)

The trace of [C], tr[C], is
3 T T T
tr[ c] =i§1 e, [rJe, +b,Tp, b, +2b;, (2, + 2 Jo.

If tr [Clis minimized with respect to hi(i =-1, 2, 3), then the solution for the
b,'s is
=i.

o
U

[

-1 .
- EPdc] (e, + Ped]Qi i=1, 2, 3

or

T 1-1
[B] L@P] EPd + Py ] [Pdcj
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and

(0]

3

le, )" Te 3 le, + 2 ™ (p, 172

or

[p7]

[p] [Pd + PedT] [PdcT1

In the case where the variance of any one component of the target
deviation is to be minimized, the desired midcourse correction matrix [D’] is
partially defined by the 6-element vector:

- /7T - -1
b, [D]giv. [Pdc] [Pd+1>ed]9i

[

Thus,

I

Tr s 1-1 - T
in (D chm [Pdc] [Pd + Ped ]Qi gcm

The above equation defines a family of vectors AV lying in a plane as shown in
Figure 37. The AV with minimum magnitude is the AV normal to this plane, or

T T -1
8 0 [Py TP 1By, ]

Av = [D”7]d
b —cm T
(in in)
Thus

P T -1
[D7] = [D][py + B 410, ]

In both of the above cases, the correction matrix [D] which minimizes

(33)

(34)

the uncertainty in the deviation at the target is determined by post-multiplying

the deterministic correction matrix, [D], by

T -1
[Pd + Ped ][Pdc]

The above equations apply only in the case where it is assumed that no
errors are generated in making the midcourse. 1In order to include the effect of
velocity errors generated in executing the midcourse maneuver, let it be assumed

that the error is a linear function of the midcourse correction vector,
fe = [A]AV. '
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Plone of AV

Normal to plane

DR

FIGURE 37. MINIMUM FUEL AV TO MINIMIZE VARIANCE OF TARGET DEVIATION
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Thus —

= e +|Ae , and

— 0 0
][
~m m __'V

e ~f

(=9
]

Also, assume that the generated error, Ae , is uncorrelated with the deviation,
dp, or the error, ep. Then the 3 by 3 covariance matrix of position deviations
at the target can be written as:

(c,] = [c] + [o (AT Iy 100 1 11 1 1F

. where Do is the unknown correction matrix to be determined when execution errors
are not neglected and [C] is the 3 by 3 covariance matrix defined by Equation (32)
with [B] = WPV][DQ]'

Define a 3 by 3 matrix, M, as follows:

-1
M) = [o 1A1[0,] : D)

Consequently, [Ce] can be written as

= T ...T
[c] = [C] + MI[BI[R, ][B] [M]

The trace of [Ce], tr[Ce], is

3 3 3 T
tr [¢c ] = Zlc],+Z = m.b
e =1 I

P. 1b
=1 3,1 3 Haehe

KMk,

where mij = [Nﬂijz Interchanging the order of summation, tr [Ce]can be written as

3 3
: T
trfcl=s[cl,,+ £ Em,m )b 1P Ib
e i=1 ii 3,k=1 i=1 1j ik i de™"k .
Let
3 T
b} M = Mg T [M‘ijk

i=1 ) 114




Then
3 p T T
tr lc ] - > 5 (2o, + b, LBy by + 26 TR + 2 4lo,

3
+ T

T
j k=1 oy Tl

an

If tr [Ce] is to be a minimum with respect to bj (i=1,2,3), then each bj must
satisfy the following equation:

3
[o] = z[Pdc]_gL + 2By + P g2, + 2>J;=1nijEPdc]_lgj
or in matrix form
lT T ] 1T ]
[o] = gng [Pd + Ped] +[1+N _sz [Pdc .
123 by
Thus
= - T -1 T -1
(8] = - [+l "o (R, + P 1 [R, ] ‘

After substitution of Equation (35) in the above equation, the following expression
for [De] is realized:

1

[I+C aTca1 o7

[0, ]

where

T
[cl = [o_ ] [CPPV]

pv

and [D”] is the correction matrix defined by Equation (33) assuming no correction
errors are generated in making the midcourse maneuver.

In the case where the variance of any one component of the target devi-
ation is to be minimized, the desired midcourse correction matrix, [De], can be
determined in a similar manner. If (gti) is to be minimized, then
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-1,
[D,] = (1+a) (D]

where Gy is a scalar determined by

a

T
i -, [Rle

and [D”] is the correction matrix defined by Equation (34) assuming no errors are
generated during the midcourse correction.

Minimization of the Astrionics Penalty Function by a Constrained
Dvnamic Programming Analysis of Multiple Midcourse Corrections

As previously discussed, in the approach suggested by Pfeiffer (Reference
31) was intended to minimize a performance index involving the expected value of
the target error squared, subject to the constraint that the total propellant
expended in performing the corrections is less than some prespecified amount.
The exact form of the penalty does not affect the method of determining the optimal
correction policy. Thus the astrionics penalty function can be substituted for
the performance index considered by Pfeiffer.

The procedure for determining a suitable correction policy uses the
approach by Pfeiffer (Reference 31) discussed in the previous section. It is
initiated by the selection of a measurement policy, independent of the guidance
policy, and a set of points along the trajectory at which the possibility of
performing a correction is to be examined. The determination of an optimal
guidance policy based on the selected penalty falls within the category of problems
subject to analysis by Dynamic Programming. However, as indicated earlier, a
considerable simplification is realized if the following restrictions are imposed
upon the guidance policy:

(1) At each decision time tj, either no correction or
a total correction is.to be accomplished.

(2) At each decision time, tj, it is assumed that at
most two corrections will be accomplished: one at
the final decision time, tg, and another at some
time t, < t_.

i £
If these constraints are observed, then the control policy is implemented at time
ti in the following steps:

(1) Calculate the performance index corresponding to
a total correction only at tf, Pl(i).

(2) Calculate the performance index corresponding to
total correction only at t, and t_, P, (1).
i £ 2 116



(3) ‘If Po(i) = Py(i) = 0, make no correction at tj;
2 1 1>
go on to the next decision time tj,.j. If the
inequality does not hold, go on to step 4.

(4) Calculate the performance index corresponding to
total corrections only at ti+l and tf, P3(i)

(5) Form the switching functions S; = P,y(i) - P3(i).
If §; is positive, no action is takem. If it is
negative or zero, a total correction is applied at t,.

(6) When the next decision time is reached, the process
is reinitiated, with a new estimate of the error-
based upon the action taken at ti and the tracking
data received during the interval.

A flow chart of this procedure is shown in Figure 38 and results of its
application on a Mars mission are shown in Appendix A.
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CONCLUS IONS

The evaluation techniques developed for interplanetary flyby mission
astrionics systems were extended to orbiter, lander, and multiple planet swingby
. mission astrionics. These techniques are useful for selection of astrionics
subsystems, for evaluating astrionics mission operation schedules, as an aid in
the preliminary design of conceptual subsystems, and in determining research
needed to improve system performance.

Using the computer program which implements these techniques, it is
possible to analyze tradeoffs and establish requirements for functions such as
navigation, guidance, and communication for specified missions. Candidate
astrionics subsystems can be analyzed and the specifications determined for sub-
systems which provide the required functions.

Data required for evaluation of astrionics for interplanetary missions
are identified. Numerical values for these data are quite difficult to obtain.
In many cases prototype hardware may not have been developed and if hardware
exists, the needed data may not have been acquired. The significance of assumed
data for conceptual systems can be assessed by determining the sensitivity of
the penalty function to the data. Data having high sensitivity indicates need
for research, development, and testing programs.

RECOMMENDATIONS

It is recommended that the computer program which implements the
evaluation techniques be exercised for various interplanetary missions which
appear likely to occur within the néxt decade. The objective would be to establish
the astrionics specifications for the missions examined. By examining a large
number of missions, possible limitations of the computer program should become
apparent.

Early establishment of the astrionics specifications for these missions
will identify critical data requirements. It is recommended that, testing
programs be established to acquire and validate the data assumed in the analyses.

The assumption of Kalman filtering in the navigation error analysis for
aided inertial systems did not consider the problems associated with the
implementation of such a filter. It is recommended that a study of the tradeoffs
involved in implementing a Kalman filter be made. This study should examine the
feasibility of onboard implementation as opposed to implementing the filter at a
site on Earth. Wherever the filter is implemented, the tradeoffs between perfor-
mance of the filter and the required onboard computer capability must be determined.

Many future missions require the astrionics to operate over very long
periods of time. Missions with long operating times include interplanetary missions,
such as Grand Tour, and Earth orbital missions, such as a space station.

Provision of the required astrionics functions on these long-life~time missions
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necessitates having backup modes for each function. These modes are provided by
astrionics subsystems operating in a specified manner. Failure of a subsystem
required for a particular mode need not result in loss of the function if the
astrionics system is designed with backup modes for critical functions. This
concept of functions and modes was developed by Battelle for aerospace avionics
systems under USAF contract (Reference 32).

An avionics function is defined as an operation or action performed
during a mission in which employment of the aircraft's avionics is desirable.
Two examples of avionics functions are navigation and communications. The term
mode connotes a suite of avionics subsystems which allows a particular function
to be performed. If all the subsystems are performing properly, then any given
function will be conducted by utilizing the suite of avionics designated as the
primary mode. Assume that one of the subsystems associated with a particular
function begins to operate out of tolerance or fails . Quite often the function
can still be conducted by a backup mode but with degraded performance. Usually
the backup mode will employ the same suite of avionics as the primary mode, but
with the unsatisfactory subsystem deleted or with another subsystem substituted
for it. Of course, more than one backup mode may be possible, and the backup
mode that is employed will depend on which is preferred as well as which sub-
systems are available. 1In a vehicle with sophisticated avionics, the selection
of the backup mode may be made by an onboard computer or special-purpose logic
circuitry rather than by the pilot., The computer program developed and described
in Reference 32 uses Monte Carlo techniques to model the effectiveness of avionics
systems with alternate modes for various functions. It is recommended that the
concept of functions and modes be developed for astrionics systems and NASA
missions. This will be necessary to properly analyze astrionics for long-life-
time missions and reusable vehicles.
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APPENDIX A

COMPUTER PROGRAM RESULTS FOR MARS ORBITER MISSION

To exercise the computer program on an orbiter mission, a mission
similar to the planned Viking mission was selected as a basis for evaluation. It
must be emphasized, however, that the results presented in this appendix do not
constitute an evaluation of the Viking spacecraft and mission. These results are
shown only to demonstrate the capability of the computer program. Considerable
additional data must be obtained before a conclusive evaluation of the astrionics
for the Viking mission can be performed.

Input Data

The first portion of the computer output is a listing of the data needed
to run the program.

Tracking Net Data

The tracking network data describing station locations, available radars,
and the data associated with each radar are shown at the top of Figure A-la. This
data 1s unchanged from the values used for the Jupiter flyby analysis reported in
References 1 and 4 as well as elsewhere in this report, with the exception of the
Deep Space Instrumentation Facility (DSIF) radar data. It should be noted that a
range error of 50 feet is indicated for the DSIF. Although the DSIF does not
measure range directly, range can be calculated if the DSIF tracks the spacecraft
for a reasonable period of time (several days). As can be seen later in this
appendix, the DSIF as well as all other radars are modeled as discrete one time
updates rather than tracking over a period of time. It is assumed, however, that
the values used for the discrete update are the results the DSIF would obtain
after a reasonable tracking time.

Star,Data

Star data is shown in Figure A-la and is unchanged from the values used
for the Jupiter studies.
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Lewis N-Body Trajectory and State Transition Matrices

The Lewis n-body code and its modification to obtain state transition
matrices was run to obtain a suitable trajectory for the Mars mission. A
summary of this trajectory is printed at the bottom of Figure A-la and at the
top of Figure A-1lb. The data points printed in this summary are only those
times, positions, and velocities at the spheres of influence crossings. As
discussed in earlier reports (References 1 and 4) the Lewis n-body code performs
trajectory integration separately from the launch vehicle simulation. It is
thus necessary to check the matching of the end point of the launch vehicle
simulation with the beginning of the Lewis trajectory. The results of this
match are shown in Figure A-1b. The point on the Lewis trajectory with a radial
distance from the center of the earth equal to the end point of the launch vehicle
trajectory occurs 33 seconds into the Lewis trajectory. At this point, the
velocities differ by 365 feet per second and the angle between the radius and
velocity vectors differ by 1.82 degrees. This discrepancy is not considered
serious for this analysis.

Target Conditions. The target point is specified as a time in seconds
on the trajectory. The target conditions shown in Figure A-1b give the values of
the trajectory at this time. The radius is 1.57 x 10° feet and the velocity 1.62
x 10° feet per second. At this time the angle between the radius and velocity
vectors is approximately 90 degrees indicating periapsis of the planetary swingby.

Near Earth Operations. In order to insure the proper outgoing
asymptote for the earth escape portion of the mission, a launch azimuth and the
angle the vehicle traverses in the parking orbit must be computed. The results
of these computations are shown at the bottom of Figure A-1lb. A parking orbit
coast angle of 171.6 degrees and a launch azimuth of 69.5 degrees were found to
be necessary to obtain the proper outgoing asymptote. The launch is assumed to
take place at the Eastern Test Range. This azimuth and parking orbit angle do
not permit tracking of the vehicle while in the parking orbit. Thus, unlike the
Jupiter mission, no parking orbit updates from ground based radars are possible.

Mission and Subsystem Design Data

The mission and subsystem design data shown in Figures A-2a and A-2b
have been modified from the values used for the Jupiter mission. The most
significant changes are discussed in the following paragraphs.

Spacecraft/Mission Data. The spacecraft and mission data shown in
Section I have the most significant changes from the Jupiter mission results.
All the parameters describing the weight, sizes, and moments of inertia of the
spacecraft were changed to values corresponding to the most current estimats for
the Viking spacecraft. Note also that a nominal retro-delta velocity requirement
has been added as Item 17 of Section I.-
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Midcourse Engine/Energy Source Data. The midcourse data shown in
Section 2 have been changed to reflect the use of the propulsion system for the
nominal retro fire as well as midcourse corrections. On the Viking spacecraft
a single engine with 300 pounds thrust and 279 second specific impulse is used.
These data are also shown in Section 2.

Inertial Sensor Unit Design Data. The inertial sensing unit design
data shown in Section 3 are unchanged from that used for the Jupiter analysis.

Thermal and Antenna Design Data. The thermal subsystem and antenna
design data shown in Section 4 are unchanged from the values used for the Jupiter
analysis.

Attitude Control Data. The attitude control data shown in Section 5
have been changed to the values estimated for the Viking spacecraft.

Candidate Subsystem Data

The candidate subsystem data shown in Figures A-3a thru A-3e are unchanged

from the data used for the Jupiter analysis with the exception of the addition of
the approach radar subsystem to the candidate subsystem data bank.

Approach Radar Subsystem Data. The approach radar subsystem data is
shown at the bottom of Figure A-3d and the top of Figure A-3e. Three hypothetical
approach radar subsystems were used in this study. The first approach radar, APP.
RADR. measures range, and range rate with the errors indicated. The second
approach radar, APP. RADR., is identical to the first approach radar with the
exception that range is not measured. The third approach radar approximates a
perfect measuremen; of range and range rate, indicated by errors of 1.0 x 107 6
feet and 1.0 x 107° feet per second as shown. This near perfect approach radar
was used in a preliminary analysis to establish the most optimistic measurement
of these parameters possible and their impact on penalty. The first approach
radar, which measures range with an error of 300 feet and range rate with an error
of 40 feet per second, is used in the evaluation presented in this appendix.

The Communication Geometry

The geometry describing the visibility of the spacecraft from the earth
is shown in Figure A-4. The number of days into the mission, the range in
astronomical units, the angle between the spacecraft and the Sun as viewed from
the earth, the angle between the Earth and the Sun as viewed from the spacecraft,
and a label describing the portion of the mission for which the information is
printed are in columns one through five, respectively. All rows in Figure A-4 are
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for the heliocentric portion of the mission with the exception of the last two
points. These are within the sphere of influence of Mars. At the bottom of this
table the maximum range needed for communication subsystem design calculations

is printed. The maximum range for this mission is 7.138 x 10 feet. Unlike

the Jupiter mission, the maximum range occurs at planet encounter.

Schedules and Subschedules

The schedule and subschedules used for the Mars mission analysis are
discussed in the following sections.

Schedule No, 1. Schedule No. 1 is shown in Figure A-5. This is the
only schedule used in studying the Mars mission. This schedule consists of:
launch operations, turning on the communications receiver, turning off the inertial
sensing unit and computer and raising the attitude control dead band to 20 degrees
at booster cutoff. Twenty decision points are then shown in the schedule, starting
with one immediately after booster cutoff. The second decision point occurs 10
days into the mission with additional decision points every 10 days through 190
days. Decisions points, indicated by the operation code 90, permit the insertion
of various subschedules into the main schedule as indicated by the user or by the
schedule optimization routines at program execution time. Following the variable
20 decision points, two fixed decision points are included. These indicate that
Subschedule No. 4 is to be used. These two points are at 196 days and 198 days
into the mission. Subschedule 4, described in a later paragraph, is an update
and correction subschedule which utilizes planetary approach radar.

Subschedule No, 1. Subschedule No. 1 is shown in Figure A-6a. This
subschedule is the basic update and correction subschedule for the heliocentric
portion of the mission. The subschedule begins with the turning on of the computer,
ISU, Sun sensor, star tracker, attitude control, and transmitter. Three minutes
later, the spacecraft is allowed to begin maneuvering to acquire the Sun and
Canopus, the specified star. One minute is allowed for maneuvering to the nominal
orientation of the spacecraft which would provide the required lines of sight
to these celestial bodies. One minute is then allowed for searching about the
nominal orientation for final acquisition. Thirty-two minutes into the subschedule,
the dead band is dropped to 0.1 degree. This narrow dead band is required to
insure precise pointing of the spacecraft for the midcourse correction burn.
Thirty-three minutes into the schedule, an update takes place with any DSIF radar
which can view the spacecraft at that time. Thirty-four minutes into the sub-
schedule, the midcourse correction is made. It should be noted that the midcourse
correction is made to zero the computed deviations of position at the time
indicated on the right~hand side of Subschedule No. 1. This time, 1.6934 x 10
seconds into the mission, is the time at which the spacecraft will cross into the
Mars sphere of influence. A later midcourse correction will take place at that
time to zero the velocity deviations as the spacecraft comes back onto the nominal
trajectory at the Mars sphere of influence. After the midcourse correction, the
dead band is raised to 20 degrees and the subsystems required for making the
correction are turned off to terminate the subschedule.
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Subschedule No. 2. Subschedule No. 2 is shown in Figure A-6b and is a simple
update subschedule with only one instruction, update with any DSIF radar which can
view the spacecraft at that time. '

Subschedule No, 3. Subschedule No. 3 is a planetary approach update with no
midcourse correction. The subschedule begins by turning on the approach radar and
transmitter. Two minutes later the update is performed. The approach radar and
the transmitter are subsequently turned off. The transmitter is used during this
subschedule because it is assumed that the data obtained from the planetary approach
radar must be telemetered to the earth for processing. This subschedule is shown
in Figure A-6c.

Subschedule No, 4. Subschedule No. 4 is shown in Figure A-6d. This
subschedule is a planetary approach update and midcourse correction schedule.
The subschedule begins by turning on the computer, the ISU Sun sensor, star
tracker, attitude control system, and approach radar. The star and Sun acquisition
maneuvering and search are performed followed by dropping the dead band and up-
dates, first with the DSIF, then the approach radar, prior to making the midcourse
correction. The dead band is then raised back to 20 degrees and the subsystems
are turned off to complete the subschedule.

Subschedule No. 5. Subschedule No. 5 is shown in Figure A-6e. This sub-
schedule is identical to Subschedule No. 1 with the exception that the midcourse
correction is made to zero the computed deviations of position at the target time
(nominal periapsis of planetary swingby).

Subschedules No. 3 and 5 were not used in the example of the Mars
astrionics analysis presented in this appendix.

Midcourse Correction Optimization

The search for an optimum correction schedule on the Mars trajectory,
is shown in Figures A-7a and A-7b. The times of the decision points as specified
in Schedule 1 are shown at the top of Figure A-7a. Subschedule No, 2 is used for
updates and Subschedule No. 1 for corrections. Schedule No. 1 includes two mid-
course corrections after the 20 decision points. Thus, the final correction which
is always required in Pfeiffer's technique does not appear in this printout since
it does not occur at one of the decision points. The penalty for the optimum
schedule is 3498.52 pounds with corrections at the first, seventh, and eleventh
decision points. The algorithm encounters this combination of corrections on the
first line of Figure A-7b. The remainder of Figure A-7b shows that additional
midcourse corrections beyond the eleventh decision point do not decrease the
penalty any further. A complete optimum schedule is shown in Figure A-8.
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Detailed Results of the Mars Mission
Using the Optimal Midcourse Correction Strategy

The remainder of this appendix presents the error analysis and. penalty
evaluation results for the reference astrionics system on the optimal midcourse
correction schedule. The reference system consists of three Arma D4-E
accelerometers, three GG334A gyroscopes, a designed inertial sensing unit, the
SRT Ruk-2 computer, the ITT Lunar Orbiter star tracker, the Adcole 1402 Sun sensor,
the MCR503X receiver, a hypothetical approach radar named APP. RAD. X and a
designed transmitter.

Error Analysis

Detailed printing of the error analysis results as the schedule is
evaluated are shown in Figures A-9a throught A-9g. The analysis begins at the
top of Figure A-9a with the launch vehicle on the pad at time equal to zero. It
should be noted that there are no initial errors in position, velocity, or
attitude in this analysis. After the initial conditions, the next block of
printing occurs 57 minutes, 27 seconds, into the mission. Between time equals
zero and this point, the launch vehicle burns for 617.7 seconds, the errors for
that burn are added, the last launch vehicle stage and spacecraft remains in the
parking orbit for 41 minutes, 58 seconds, and a second burn of 310 seconds is
initiated. The errors for the final burn are added and approximately one second
of coasting occurs before the print point. The print point is approximately at
final launch vehicle cutoff. Since the launch vehicle burns are assumed to be
under perfect closed loop control, the computed deviations are zero. The deviations
and errors are equal and are as shown. The strapdown error analysis program, SEAP,
was not rerun for the Mars booster trajectory. Thus these injection errors are
only approximate as the sensitivities used are those for the Jupiter mission.

The first decision point occurs immediately after booster cutoff and
the schedule optimizing technique indicates a midcourse correction should be
performed at the first decision point. The ISU and the computer are shown turned
off but are turned back on immediately to initiate the midcourse correction sub-
schedule. 1In actual flight operations, the ISU and computer would not be turned
off and then turned back on again. The operations for a midcourse correction as
indicated in Subschedule No. 1 are performed as shown. A midcourse correction
with an expected value of 136 feet per second is indicated at the top of Figure
A-9b. The subschedule concludes with the turning off of the various subsystems
necessary to perform the midcourse correction. The analysis then continues with
updates performed as indicated in Subschedule No. 2 for those decision points
where the optimizing routine indicated only updates should be performed. The mid-
course correction sequence is then repeated at the seventh and the eleventh
decision points as specified by the midcourse optimization technique.

The final corrections within the Mars sphere of influence are made
beginning at 196 days into the mission as shown in Figure A-9x. These corrections
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include the use of the approach radar in the measurement sequence and zero +ba
computed deviations at periapsis of the swingby trajectory. The first approach
radar measurement occurs in Figure A-9aa. At this time the inertial system
errors, after updating with the DSIF, show a predicted range error of 310 feet

and range rate error of approximately .0001 feet per second. The onboard approach
radar errors are 300 feet and 40 feet per second respectively. Thus the measure-~
ment of range to an accuracy of 300 feet, comparable to the inertial system
accuracy, should produce some improvement in overall system estimate errors. How-
ever, it is doubtful that any benefit is obtained by the measurement of range rate
with an uncertainty of 40 feet per second. The midcourse correction is the first
approach correction subschedule operation which occurs at the top of Figure A-9bb,
with an expected value of 186 feet per second. This correction has a large
expected value because it must remove the velocity deviations imparted by earlier
midcourse corrections to bring the spacecraft back to the nominal trajectory at
the Mars sphere of influence. A second approach update is performed approximately
198 days into the mission to remove errors generated in performing the large first
approach update correction sequence. This midcourse correction, printed in the
center of Figure A-9ff has an expected value of 12 feet per second.

The nominal trajectory periapsis is indicated in Figure A-9gg. This is
the point in the mission for orbiter and landers where a retroburn would be
performed to obtain an elliptical orbit about Mars. The cross range position
error at the nominal periapsis is 1.6 x 10° feet. This is the error in the
periapsis magnitude. The down range and out of plane components represent errors
in the periapsis position vector. They are approximately 3 x 100 feet. At this
time the nominal retro AV is added. This burn may be altered in direction and
magnitude to remove errors in velocity at the nominal periapsis point. An
impulsive burn is used in this analysis. However, for the Mars capture phase of
the Viking mission, a forty-five minute retro burn has been proposed. To study
the effect of varying burn time, a short error analysis program was written and
the results are presented in Figure A-10. The errors shown are those that would
exist 45 minutes after retro ignition for a burn time varying from 3 to 45 minutes,
with a AV of 3800 ft/sec. The error sources considered are:

(1) 1Initial Conditions

(a) Position
(b) Velocity
(¢) Attitude

(2) Accelerometers

(a) Bias, K

(b) Scale factor, K

(¢) Nonlinearity, K

(d) Cross axis sensItivity, MO

(3) Gyroscopes

(a) Fixed drift, D

(b) G sensitive terms, DUI’DUS
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Initial conditions are the position, velocity, and attitude errors at periapsis
from the computer runs shown in Figure A-9gg. The attitude errors are reduced
to those that would exist if a star tracker and Sun sensor update were performed
prior to ignition., The calculations are direct integrations of the acceleration
uncertainties,

da = ABxa+fa
A% = Aw
g
where
ba = sensed acceleration error
a = nominal acceleration
gga = accelerometer errors
A% = attitude error
g&é = gyro errors.

Neglecting gravity feedback (Schuler effect),

ba = AV = AE

Increasing the burn time from 3 to 45 minutes increases position error
13 percent and velocity error 25 percent. This relatively small increase is due
to the large initial condition values. Burn times of less than 3 minutes were
not considered. As the burn time 18 shortened to approach an impulsive delta-V,
the nonlinearity term will cause infinite errors. The 3 minute burn requires a
21,1 ft/sec2 acceleration or 4800 1bs thrust for a 7553 1b spacecraft. This is
felt to be a reasonable upper limit on acceleration.

More significant effects on the penalty will be due to the reliability
requirements for long burn times. The effect on the penalty calculations of
including the reliability effects for a 3 and 45 minute burn are shown in Table A-TI.

The results assume the propulsion system constant (nozle weight, etc.)
and coefficient (tankage factor, etc.) would be the same for the two extreme cases.

In summary, the choice of a retro burn thrust level and resulting burn
time could affect position and velocity errors by 10 to 30 percent and the penalty
by 20 to 40 1lbs. Modifications to the penalty calculations could be made to reflect
carrying several (3 to 5) identical nozzles with a common tankage system. This
would provide accurate midcourse correction control by using only one engine, yet
enable shorter retro burn times to lower the astrionics reliability effects. As
in the case with all results shown in this report, these values demonstrate the
use of the penalty evaluation technique and are not to be interpreted as conclusive
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TABLE A-I. EFFECT OF RETRO BURN TIME ON THE PENALTY

Retro Burn Duration
Not Considered

Parameter In Penalty 3 Minute 45 Minute
PFA (Specified) .150 .150 .150
PFR L1111 .119 .125
Pov .043 .035 .029
¢v 1.71 1.81 1.88
AV capability (ft/sec) 4373 4405 4428
Wy (1bs) 3120 3140 3160
Penalty (1lbs) 3499 3519 3539

for the Viking or any other mission. Changes in the direction of the retro AV
do not affect the penalty. Changes in the magnitude do. Changes in the magnitude
of the retro AV necessitate burning more fuel and thus require either carrying
more fuel for a given probability of having sufficient AV capability or, as an
alternative accepting a greater probability of failure if the amount of fuel
carried is held fixed. Since the onboard system uses computed deviatiouns as a
basis for making corrections, the downrange component of computed deviations
represents the standard deviation of the uncertainty of the retro AV. Thus, the
tetro burn standard deviation, indicated as RMR, is 240 feet per second. For
the analysis shown, the target miss requirement was assumed to be the magnitude
of the periapsis vector 1.6 x 10° feet. This value is used as the target miss
parameter.

Penalty Evaluation

The evaluation of the astrionics effectiveness using penalty Mode 3 is
shown in Figure A-11. The first line of the penalty evaluation shows the three
accelerometers (Arma D4E) and three gyroscopes (GG334-A) selected. The next block
of information is the results of the ISU design calculations based on the
specified hardware components. The ISU design routipne selected horizontal design
No. 4 as the optimum. The various designs available for selection are discussed
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in detail in Reference 4. The ISU was cycled on and off six times and had a total
operating time of 3.874 hours. The designed ISU is 9.35 inches long, 10.45 inches
wide, and 5.45 inches high. A breakdown of the weights for the block, base, cover,
insulation, electronics &nd the sensor components is shown. On the extreme right
of this block of information are the subsystem parameters necessary for penalty
calculation. These are the total excitation energy, 168.5 watt hours, the
excitation power, 43.5 watts, the total probability of failure for the ISU, .07037,
and the total ISU weight of 33.463 pounds.

The ISU is assumed to be mounted on a variable thermal conductance
which requires a maximum heater power of 97.875 watts and a minimum heater power
of zero watts. To maintain these conditions, a maximum thermal conductance of
2,175 and a minimum thermal conductance of 1.0875 is required. The heater power
and energy necessary to maintain the ISU at the desired temperature are added to
the excitation energy and power to determine the total energy and power required
for the ISU. These are 271.94 watt hours and 141.375 watts respectively. The
transmitter and antenna system is designed as discussed earlier in this report.
Since a transmitter was not specified, a tradeoff optimization between antenna
size and transmitter size is performed and the resulting antenna is shown to be
optimum with a gain of 16.7 db, to give an effective radiated power of .26 kilowatts.
This allows a pointing tolerance of 2.409 degrees. This antenna is estimated to
weigh 5.608 pounds.

The next block of information shows the operating time in hours, the
number of on-off cycles, the excitation energy in watt hours, the power in watts,
the probability of failure, and the weight in pounds for the computer, star
tracker, Sun sensor, communication receiver, approach radar, and transmitter. It
should be noted that no ISU/CPS power supply is carried. It is assumed that the
ISU and computer contain their own power supplies. As mentioned above, the trans-
mitter is designed rather than specified and the resultant design uses 24.53 watt
hours at 14 watts with essentially no probability of failure and a weight of 1.43
pounds. The total energy, power, probability of failure, and weight for these
subsystems are shown at the right hand side of the report.

The attitude control system analysis indicates the system is cycled on
and off five times with a total operating time of 2.9 hours. The thrust sizing
requirements are shown at the left side of the report. The thrusts required on
all three axes for sizing conditions of solar pressure, micro-metrorite impact,
trajectory maneuvers, and steering during midcourse corrections are shown. The
maximum thrust required on each axis is used as the design criteria. The maximum
thrust is 6.095 pounds and is determined by the maneuvering requirements for all
three axes. Fuel consumption due to searching, dead band operation, and maneuvering
is calculated with the thrusts set at the values specified above. The total impulse
in pound~seconds required for thrusting about each axis is shown at the bottom of
this block of information. It should be noted that dead band operation is dominant
in use of fuel about all three axes. On the following line, the total number of
thruster firings required and the total impulse requirement in pound~seconds are
shown., From this information, the total fuel weight, 21.23 pounds, is calculated
as well as the energy, power, probability of failure, and total attitude control
system weight.
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The energy source subsystem is sized using the total power and the total
energy requirements for all of the above subsystems. Since it is assumed that
radioisotope thermo-electric generators (RTG's) are used for production of power,
the power rather than the energy becomes the important sizing parameter. For the
total power requirement of 281.894 watts it is estimated that RTG's totaling
110.454 pounds will be required. The weight analysis is then concluded with the
addition of 110 pounds for intersubsystem wiring.

Under Penalty Mode 3, the AV engine is sized, based on the probability
of failure due to insufficient fuel which can be tolerated within the limit of
specified overall astrionics total probability of failure. This calculation is
shown under the heading Penalty Summation. The total astrionics probability of
failure is specified as .15. With failure due to lack of reliability equal to .1143
and probability of target miss essentially zero, the AV propulsion subsystem must
have a probability of insufficient fuel of .,0434 or less. The AV calculations
from the error analysis indicate a standard deviation in AV of 334.157 feet
per second with one degree of freedom. This standard deviation in conjunction
with the mean specified in the data bank, 3800 feet per second, necessitates
carrying a capability of 4372.689 feet per second to meet the requirement of a
probability of failure of .04341 or less. Thus, it is estimated that the total
AV propulsion subsystem will weigh 3120.273 pounds. Adding the AV propulsion
subsystem to the weights discussed above yields the total penalty (Mode 3) of
3498.5167 pounds. As a matter of information, when this weight is subtracted
from the total spacecraft weight of 7335 pounds, a spacecraft structure and pay-
load weight of 3836.483 remains.

When comparing the results discussed above to those obtained from the
Jupiter flyby mission, it must be remembered that the retro AV fuel requirements
are included along with midcourse correction AV fuel requirements when sizing the
engine. If separate engines are carried for midcourse correction and retro AV,
the penalty analysis would be somewhat different. 1In the latter case, the retro
AV, the dominant use of fuel, would not be reflected in the penalty analysis and a
much smaller propulsion system would result. In the Jupiter mission, there was
no retro AV so that the engine is sized only to perform the midcourse corrections.
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APPENDIX B

THE CUMULATIVE PROBABILITY FUNCTION FOR THE MAGNITUDE OF THE .
TOTAL AV REQUIREMENT FROM THE MEAN AND COVARTANCE OF RETRO BURN AV

The magnitude of the retro burn AV is found by

_ 2 2 2
Av VQMV + VX) + vy + v, (B-1)

where vy, Vys and vz are the zero mean random components of covariance Cy, and
M, is the mean or nominal AV and is assumed to be in the x direction. The two
extreme cases (My =~ 0, and M;, ~ ©) are easily solved. If My is nearly zero
(My << 0vg), the problem reduces to finding the distribution of the magnitude
of a vector with zero mean, as discussed in Reference 1, 4, and 8. If My is very
large, that is M_>>0_, 0_ , or o_ , the approximation

v Vo vy v

W oM+ v (B-2)

is valid and AV is a normally distributed variable with mean M, and standard
deviation, Oyy. The general problem where M, is neither very large nor very
small cannot pe solved in closed form, but is easily handled using Monte Carlo
techniques. For typical interplanetary mission results, however, the assumption
of large My is reasonable. The runs of Appendix A indicate standard deviations
an order of magnitude less than the mean, 3800 ft/sec. The discussion below is
based on large Mv'

PRM (AV, My, Ry, DV) is the probability that the magnitude of a vector
with mean M, square root of the trace of the covariance Ry, and degree of
freedom, Dy, exceeds AV. Since only one component of the vector is significant,
this is equal to

SN
v

(B-3)

where P, is the cumulative normal distribution of a zero mean, unity variance
random variable.

REQ (P, M, Ry, DV) is the inverse function used when the probability,
P, is known and the required AV is to be found.



-1
REQ = M_+R P (P)

where P, (P) is the inverse function of P.(X), the normal, zero mean, unlty
varlance cumulative distribution.

It should be noted that the argument D is unused since, under the
assumption of large My, the magnitude is approximately distributed with one
degree of freedom. Further study could result in an appropriate analytical
or Monte Carlo solution to the general case and then DV would be needed.

B-2

(B-4)
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NEW_TECHNOLOGY

During the period covered, no new concepts were conceived or first
reduced to practice.






